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Chapter 1 
General Introduction 
In nature all surfaces that are exposed to the environment are colonized by different 
organisms [1-4]. This colonization is key for important processes, such as the 
degradation of dead biomass [5] and therefore the basis for global nutrient cycles 
(for review, see Llado, et al. [2017]). However, the colonization of surfaces does not 
automatically lead to degradation, it also helps the organisms to dwell by maintaining 
their position in the favored ecological niche. When organisms colonize a surface, 
they interact with all other members of the community and vice versa [7]. But not 
only the colonizers interact with each other, also the colonized surface itself can be 
an interaction partner (for review, see Schlechter, et al. [2019]). Such interactions 
are classified as either intraspecific, between members of the same species, or 
interspecific, between different species. In the environment, every (macro-)organism 
itself is also colonized by other (micro-)organisms, as they all expose surfaces to the 
environment. From the animal skin [9], the surfaces of leaves (for review, see Vorholt 
[2012]) and dead wood [11], to the digestive tract of animals [12], all of these 
surfaces are habitats for other living beings. While some of these colonizers can 
easily be recognized with the naked eye, like moss, lichens, shells and plants, 
microorganisms on the other hand (e.g. fungi, yeast and bacteria) can only be 
detected by using microscopy and the methods of modern micro- and molecular 
biology.  
 
Aquatic Environments 
71% of the world’s surface is covered by oceans, holding 97.5% of the world’s water. 
Only the remaining 2.5% are freshwater, that is mainly stored in glaciers and ice-
sheets (68.9%) or groundwater (29.9%), only 0.3% are constituted by rivers and 
lakes [13]. 
 
Marine Environments 
The oceans form one interconnected major body of salt water and constitute the 
principal component of earth’s hydrosphere. Water containing more than 1 g/l salt is 
called saltwater. Besides others, NaCl is the main solute in the waters of the seas 
and oceans with about 35 g/l. The oceans are divided into different ecological zones. 
The neritic zone includes the water mass above the continental shelf, while the 
oceanic zone includes the entirety of the open waters [13]. Especially the coastal 
waters of the neritic zone contain, depending on their nature, a variety of different 
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ecosystems, like kelp forests (rocky seabed) and seagrass meadows (sandy 
seabed) [14, 15]. In such ecosystems one predominant species like e.g. seagrass 
provides breeding and nursery grounds for a variety of different marine organisms. 
Additionally, as primary biomass producers in these otherwise oligotrophic 
environments, their root network protects the seafloor from the effects of tides and 
stream. That shapes the coastal and deeper sea floor structure and helps 
accumulating nutrients that otherwise would be washed away [16, 17]. Besides these 
effects on the geology, fauna and flora, plants like seagrass are also colonized by 
epiphytic bacteria that are interacting with the plant and therefore the entire 
ecosystem [18].  
 
Freshwater Environments 
Freshwaters are defined as natural waters with less than 1 g/l dissolved salt, 
constituting 2.5% of the world’s water resources. Freshwater ecosystems include all 
types of surface waters, like rivers, streams, lakes and ponds. These ecosystems 
are divided into lotic systems, that are composed of running water (e.g. streams and 
rivers) and lentic systems, that comprise still water (e.g. lakes and ponds) [13]. 
Freshwater environments show lower structural complexity compared to marine 
environments, due to the absence of reefs built by animals and the short statue of 
most aquatic plants. Unlike the oceans, not all freshwater environments are 
connected to each other, therefore they occur more fragmented and consequently 
more island-like, leading to isolation and a potential higher spatial diversity [19].   
 
The Planctomycetes-Verrucomicrobia-Chlamydia superphylum 
All aquatic environments are inhabited by bacteria, that inhabit a large variety of 
ecological niches. This study focuses on the unique bacteria of the phylum 
Planctomycetes. Planctomycetes, together with the Verrucomicrobia, Chlamydia, 
Lentisphaera and the candidate phyla Poribacteria and ‘Candidatus Omnitrophica’ 
(OP3), form a monophyletic group, the so-called PVC superphylum [20]. This 
grouping of closely related phyla was driven by the increasing number of newly 
discovered clades within the domain of bacteria [21]. Besides their ecological 
importance [22, 23], Members of the PVC superphylum are of industrial [24, 25] and 
also medical relevance [26-28]. 
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Planctomycetes 
 
Phylogeny, Taxonomy and Genetics 
The first described Planctomycetes were found in a water sample originating from a 
freshwater lake in Hungary. Due to the lack of molecular techniques, the report was 
based on morphological observations and lead to the description as fungal-like 
eukaryotes [29]. Later on the organism was reclassified as a bacterium [30] and later 
confirmed with the advancing molecular techniques [31]. The phylum 
Planctomycetes consists of two classes, Planctomycetia and Phycisphaerae. 
Additionally, the anammox Planctomycetes currently form the family Brocadiaceae, 
that currently has Candidatus status due to the lack of axenic cultures, but would 
likely represent a third class in the phylum Planctomycetes as soon as axenic 
cultures are available (for review, see van Niftrik and Jetten [2012], Wiegand, et al. 
[2018], Peeters and van Niftrik [2018], Kartal, et al. [2013]).  
Planctomycetes feature several interesting genomic features. With 7.6 Mb on 
average (based on all available validly described and sequenced isolates), their 
genomes are exceptionally large, compared to the usual free-living environmental 
bacterium with a genome size of 5Mb. Within the phylum Planctomycetes, the GC 
content of the available genomes is varying and reaches from 50.5% (Gimesia maris) 
to 73.2% (Phycisphaera mikurensis). Planctomycetal genomes usually harbor a 
single replicon, with Planctopirus limnophila  and the three sequenced members of 
the family Isosphaeraceae as the only exceptions: they feature additional 
plasmids[35]. The large genomes of Planctomycetes comprise another unusual 
feature, as they contain large numbers of genes with unknown function. In average 
for 57% of the genes in a planctomycetal genome no function can be assigned, 
making these genes possible causes for the conspicuous traits of this phylum (for a 
review, see Wiegand, et al. [2018]). Another feature of planctomycetal genomes is 
that they harbor genes, potentially related to the production of small bioactive 
molecules. And as it is known, that there is a linear relation between genome size 
and the number of predicted secondary metabolite related gene clusters, 
Planctomycetes are among the so-called ‘talented’ producers [36]. From other well-
studied organisms, that are producers of bioactive molecules, it is known, that 
secondary metabolite-related genes are rather large. With some of them being >5 
kb, they belong to the so-called  giant genes. When first analyzed, the 
Planctomycetes were found to be one of seven phyla harboring such large genes in 
their genomes [37].  
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Cell Biology 
Since their discovery, Planctomycetes were always subject of debate regarding their 
prokaryotic or eukaryotic traits [38]. Besides their division in absence of the otherwise 
universal cell division protein FtsZ [39-41], the presence of a planctomycetal-
endocytosis [42, 43] and also the proposed absence of a peptidoglycan cell-wall 
were used as arguments to place Planctomycetes in-between prokaryotes and 
eukaryotes [44-46], proposing Planctomycetes might be the last universal common 
ancestor (LUCA) [38, 47, 48]. However, recent studies revealed the presence of a 
peptidoglycan cell-wall in Planctomycetes [49, 50], disproved the presence of 
planctomycetal endocytosis and revealed a more usual Gram-negative cell plan for 
these bacteria [51]. Thus, Planctomycetes still feature special peculiarities that need 
to be examined, like the newly proposed uptake mechanism involving the 
crateriform-structures [51], that were found to be spread over the cell surface of 
Planctomycetes already in early morphological studies [52, 53]. In the proposed 
mechanism, pili-like structures originate from the crateriform-structures, spanning 
from the outer membrane through the periplasmic space towards the cytoplasmic 
membrane. These pili-like structures were proposed to bind macromolecular sugars 
and aid in their uptake [51]. Besides these pili-like structures, Planctomycetes 
feature other striking cell attachments as well. During the life-cycle of some species, 
the planctomycetal cell first possesses a flagellum, enabling it to explore new areas 
to dwell. Once such a position is reached, the cell attaches to a surface, or to another 
cell, and develops a holdfast structure. Once sessile, the cell spawns flagellated 
daughter cells via polar budding [54-56]. 
 
Ecology and Physiology 
Planctomycetes are everywhere (for a review, see Wiegand, et al. [2018]), but for a 
long time they escaped the detection by early molecular techniques due to a 
consistent mismatch in the used 16S rRNA gene targeting universal bacterial-
primers [57]. Most studies so far focused on aquatic habitats. In marine aquatic 
habitats, Planctomycetes are frequently found associated to eukaryotic hosts (e.g. 
macroalgae [58, 59], marine sponges [60]), to marine debris (so-called marine snow) 
[61] or in biofilms like artificial surfaces in Antarctic waters [62]. Planctomycetes are 
also found in freshwater habitats like wetlands [63], lake sediments [64] or freshwater 
sponges [65-67]. More recent studies showed, that Planctomycetes are far from 
being limited to an aquatic life and on average make up the fifth most abundant 
phylum in soil [68]. For example, Planctomycetes inhabit terrestrial habitats like salty 
sandy costal soils [69], the active layer above permafrost soils [70] or boreal forests 
[71].  
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Most Planctomycetes are chemoorganoheterotroph organisms and generate their 
energy by utilizing organic compounds from their environment. The only exception 
in the phylum Planctomycetes are the chemolithoautotrophic members of the order 
Brocadiales, that generate their energy through the anaerobic oxidation of 
ammonium [72]. Media used for the enrichment of Planctomycetes from 
environmental samples, usually contain low amounts of carbon and nitrogen sources 
[73, 74]. Additionally, the monosaccharide N-acetyl-D-glucosamine was described 
as sole carbon and nitrogen source that promotes planctomycetal growth [74, 75]. 
Planctomycetes were found to possess a wide repertoire of degrading capabilities 
for many different heteropolysaccharides, like cellulose [76, 77], pectin [78], 
laminarin and chondroitin sulfate [36]. These findings are supported by analyses of 
the genome of Rhodopirellula baltica, its genome encodes 110 sulfatases, possibly 
aiding in the breakdown of sulfated heteropolysaccharides found in marine algal cell 
walls [79, 80]. Even a host-specificity, where the bacterium is adapted to degrade 
specific polysaccharides provided by its host, was proposed [59]. 
 
Thesis outline 
Planctomycetes are ubiquitous bacteria, that were isolated from various sources 
around the globe. The emerging awareness, that planctomycetes are more abundant 
in the environment than expected, leads to the need for more isolates to cover the 
phylogenetic diversity of the phylum Planctomycetes. In this thesis the association 
of Planctomycetes to different eukaryotes and the features of isolated eukaryote-
associated Planctomycetes are highlighted. 
 
Chapter 2 focusses on a novel Planctomycete isolated from a crustacean shell 
originating from the German Wadden Sea. Thin sections of the novel strain, that 
represents a novel genus, give insights into the astonishing cell-biology of 
planctomycetes and sequencing of the genome revealed large quantities of giant 
genes. Additionally, the chapter questions the 16S rRNA gene based phylogeny in 
the phylum Planctomycetes and suggests a revision of the taxonomy of the phylum 
as such. 
 
In Chapter 3 the microbial community on the surface of the seagrass Posidonia 
oceanica was analyzed.  
Chapter 3A focusses on the molecular and electron microscopical bacterial 
community analyses of these biofilms, revealing the dominance of Planctomycetes.  
In Chapter 3B , the biofilm on the leaves of P. oceanica was subject to cultivation 
Two novel genera of the phylum Planctomycetes were isolated from these biofilms 
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and the amplicon sequencing revealed, that seagrass leaf biofilms can be dominated 
by Planctomycetes. This association to an important carbon sink like seagrass 
meadows in the Mediterranean sea underlines the importance of the phylum 
Planctomycetes in the environment and might aid in the protection of these habitats 
to counter global warming. 
 
Chapter 4 focusses on Planctomycetes associated to a freshwater sponge. The 
isolated strain spb1 is closely related to other members of the genus Planctopirus, 
but still represents a novel species. The species shows cell biological variations 
compared to its closest relative and might open new opportunities to investigate the 
planctomycetal cell-biology. Additionally this chapter shows, that  the 16S rRNA 
gene is not suitable to decline closely related planctomycetal species. Only the 
comparison of genomes leads to clear results and helps to maintain clarity in this 
growing phylum. Additionally in this chapter, for the first time, a planctomycetal 
bacteriophage is validly described. 
 
Chapter 5 summarizes and discusses the results of this thesis and gives an outlook 
into subsequent planctomycetal research and future perspectives. 
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Samenvattening 
Planctomyceten zijn alomtegenwoordige bacteriën, die uit verschillende 
oorsprongen over de hele wereld werden geïsoleerd. Het opkomende bewustzijn, 
dat planctomyceten in overvloed aanwezig zijn in het milieu dan verwacht, leidt tot 
de behoefte aan meer isolaten om de fylogenetische diversiteit van de phylum 
Planctomyceten te dekken. In dit proefschrift wordt de associatie van 
Planctomyceten met verschillende eukaryoten en de kenmerken van geïsoleerde 
eukaryoot-geassocieerde Planctomyceten benadrukt. 
 
Hoofdstuk 2 richt zich op een nieuwe Planctomycete geïsoleerd uit een schaal 
van schaaldieren afkomstig uit de Duitse Waddenzee. Dunne secties van de 
nieuwe stam, die een nieuw geslacht vertegenwoordigen, geven inzicht in de 
verbluffende celbiologie van planctomyceten en sequencing van het genoom 
onthulde grote hoeveelheden gigantische genen. Bovendien bevraagt het 
hoofdstuk de op 16S rRNA-gen gebaseerde fylogenie in de phylum 
Planctomycetes en suggereert een herziening van de taxonomie van de phylum 
als zodanig. 
 
In hoofdstuk 3 werd de microbiële gemeenschap op het oppervlak van het 
zeegras Posidonia oceanica geanalyseerd. 
Hoofdstuk 3A richt zich op de moleculaire en elektronenmicroscopische bacteriële 
gemeenschapsanalyses van deze biofilms, waarbij de dominantie van 
Planctomycetes wordt onthuld. 
In hoofdstuk 3B werd de biofilm op de bladeren van P. oceanica geteeld. Twee 
nieuwe geslachten van de phylum Planctomycetes werden geïsoleerd uit deze 
biofilms en de amplicon-sequentie onthulde dat biofilms van zeegras gedomineerd 
kunnen worden door Planctomycetes. Deze associatie met een belangrijke 
koolstofput zoals zeegrasweiden in de Middellandse Zee onderstreept het belang 
van de phylum Planctomycetes in het milieu en zou kunnen helpen bij de 
bescherming van deze habitats om de opwarming van de aarde tegen te gaan. 
 
Hoofdstuk 4 richt zich op Planctomyceten geassocieerd met een zoetwaterspons. 
De geïsoleerde stam spb1 is nauw verwant aan andere leden van het geslacht 
Planctopirus, maar vertegenwoordigt nog steeds een nieuwe species. De soort 
vertoont celbiologische variaties in vergelijking met zijn naaste verwant en kan 
nieuwe mogelijkheden bieden om de planctomycetale celbiologie te onderzoeken. 
Bovendien laat dit hoofdstuk zien dat het 16S rRNA-gen niet geschikt is om nauw 
verwante planctomycetale soorten af te nemen. Alleen de vergelijking van 
genomen leidt tot duidelijke resultaten en helpt de duidelijkheid in dit groeiende 
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phylum te behouden. Bovendien wordt in dit hoofdstuk voor het eerst een 
planctomycetale bacteriofaag geldig beschreven. 
 
Hoofdstuk 5 vat de resultaten van dit proefschrift samen en bespreekt en geeft 
een blik in daaropvolgend planctomycetaal onderzoek en toekomstperspectieven. 
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Abstract 
Members of the phylum Planctomycetes are ubiquitous bacteria that dwell in aquatic 
and terrestrial habitats. While planctomycetal species are important players in the 
global carbon- and nitrogen cycle, this phylum is still undersampled and only few 
genome sequences are available. Here we describe strain NH11T, a novel 
planctomycete obtained from a crustacean shell (Wadden Sea, Germany). The 
phylogenetically closest related cultivated species is Gimesia maris, sharing only 
87% 16S rRNA sequence identity. Previous isolation attempts have mostly yielded 
members of the genus Rhodopirellula from water of the German North Sea. On the 
other hand, only one axenic culture of the genus Pirellula was obtained from a 
crustacean thus far. However, the 16S rRNA gene sequence of strain NH11T shares 
only 80% sequence identity with the closest relative of both genera, Rhodopirellula 
and Pirellula.. Thus, strain NH11T is unique in terms of origin and phylogeny. While 
the pear to ovoid shaped cells of strain NH11T are typical planctomycetal, light- and 
electron microscopic observations point toward an unusual variation of cell division 
through budding: during the division process daughter- and mother cells are 
connected by an unseen thin tubular-like structure. Furthermore, the periplasmic 
space of strain NH11T was unusually enlarged and differed from previously known 
planctomycetes. The complete genome of strain NH11T, with almost 9 Mb in size, is 
among the largest planctomycetal genomes sequenced thus far, but harbors only 
6645 protein-coding genes. The acquisition of genomic components by horizontal 
gene transfer is indicated by the presence of numerous putative genomic islands. 
Strikingly, 45 “giant-genes” were found within the genome of NH11T. Subsequent 
analysis of all available planctomycetal genomes revealed that Planctomycetes as 
such are especially rich in “giant genes”. Furthermore,  Multilocus Sequence 
Analysis (MLSA) tree reconstruction support the phylogenetic distance of strain 
NH11T from other cultivated Planctomycetes of the same phylogenetic cluster. Thus, 
based on our findings, we propose to classify strain NH11T as Fuerstia 
marisgermanicae gen. nov., sp. nov., with the type strain NH11T, within the phylum 
Planctomycetes. 
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Introduction 
Planctomycetes are a phylum of ubiquitous, environmentally important bacteria that 
play key roles in global carbon- and nitrogen cycles [34, 38]. Together with the 
Verrucomicrobia and the Chlamydia, planctomycetes belong to the PVC 
superphylum [20]. While Chlamydia are intracellular pathogens [81], 
Verrucomicrobia [82] and Planctomycetes [83, 84] can be closely associated with 
eukaryotes as well. The Planctomycetes are divided into four distinct orders. While 
the orders Phycispherales, Tepidisphaerales and Planctomycetales are based on 
axenic cultures, the order Brocadiales is formed by well described enrichment 
cultures, the so-called anammox-Planctomycetes. These organisms are capable of 
anaerobic ammonium oxidation, a trait extremely useful for wastewater treatment 
[34]. In particular, members of the order Planctomycetales were found to encode 
numerous secondary metabolite-related genes and gene clusters [36], that were 
recently found to be active under conditions that chemically mimicked the interaction 
with eukaryotes [85]. Consequently, Planctomycetes were postulated to be “talented 
producers” of small molecules and they might represent a yet untapped resource of 
novel bioactive molecules [85]. Furthermore, the biotechnological application of 
planctomycetal enzymes such as sulfatases as biocatalysts was demonstrated [86]. 
Thus, Planctomycetes are environmentally important and of general biotechnological 
interest.  
Planctomycetes were further proposed to comprise conspicuous cell biological 
features such as endocytosis-like uptake of proteins [87] and compartmentalization 
of their cytosol [88]. In addition, they were believed to lack peptidoglycan (PG) in 
their cell walls [44]. Recently some of these unique features were questioned. For 
example the presence of PG was demonstrated [50, 89]. However, in particular the 
unusual cell division of Planctomycetales through polar budding makes them unique 
among bacteria, as they lack the otherwise universal bacterial cell division protein 
FtsZ [41, 90].  
Despite their importance for environmental microbiology, biotechnology and cell 
biology, only 30 planctomycetal species were obtained as axenic cultures and only 
10 completely closed genome sequences are available through NCBI GenBank. 
Thus, from a phylogenetic point of view, the phylum Planctomycetes is heavily 
undersampled and only few representatives of this phylum are taxonomically 
characterized in detail [38, 91]. 
In this study, we selectively target eukaryote-associated species from a marine 
habitat. We revisit the German North Sea, which is a well-known resource for the 
cultivation of Planctomycetes [79, 92]. To focus on potentially eukaryote-associated 
species, we collected crab shells as the successful isolation of novel Planctomycetes 
from Crustacea was previously reported [83]. As planctomycetes are known to be 
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resistant to multiple antibiotics such as carbenicillin [93, 94], we employed a 96 well-
based high-throughput cultivation procedure and subsequently screened hundreds 
of carbenicillin-resistant bacterial cultures with a PCR targeting the 16S rRNA gene. 
The obtained strain NH11T was selected for further analysis and full-length 16S 
rRNA gene sequencing revealed its affiliation with the phylum Planctomycetes. Here 
we show how strain NH11T differs from other planctomycetal species and therefore 
propose the new genus Fuerstia gen. nov., with the type species Fuerstia 
marisgermanicae sp. nov..  
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Materials and Methods 
 
Sampling Site 
The strain was isolated from a crustacean shell (crab) which was collected on the 
22nd May 2012 at low tide (8:30 a.m.) at 16°C ambient temperature in some residue 
water on the tidal mud flat of the German Wadden Sea, Neuharlingersiel (53°42'15.5 
N, 7°42'15.9" E).  
 
Isolation and Maintenance 
In a first step the surface of a crustacean shell was scraped-off and the shell material 
was transferred to sterile artificial sea water (ASW) supplemented with 10-fold 
diluted HD medium, to serve as biofilm suspension. ASW was prepared modified 
after Levring [1946] consisting of (per litre distilled water): 23.6 g NaCl; 0.64 g KCl; 
4.53 g MgCl2 . 6 H2O; 5.94 g MgSO4 . 7 H2O; 1,3 g CaCl2 . 2 H2O; 10 mg Na2PO4 . 2 
H2O; 2.1 mg NH4NO3. To avoid precipitation, the CaCl2 solution was sterilized 
separately [96]. HD medium was composed of 0.25 g/l yeast extract, 0.1 g/l glucose, 
0.5 g/l peptone and 2.38 g/l HEPES; the pH was adjusted to 7.3. The suspension of 
the bacterial biofilm was used to inoculate fifty 96 well plates employing a multidrop 
device as previously described [97]. Cultures were subsequently transferred to fresh 
96 well plates with the same medium but supplemented with 2 mg/ml carbenicillin. 
Cultures that survived this treatment were screened employing a 16S rRNA gene 
targeting PCR, using the primer set 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) 
and 1492r (5’–GGY TAC CTT GTT ACG ACT T–3’) modified from [98]. PCR 
amplifications were performed employing a Veriti 96-Well Thermal Cycler (Applied 
Biosystems) applying the following conditions: initial denaturation at 94°C for 5 min, 
followed by 10 cycles of denaturation at 94°C for 30 s, annealing at 59°C for 30 s 
and elongation at 72°C for 60 s. This first 10 cycles were followed by 20 cycles of 
denaturation at 94°C for 30 s, annealing at 54°C for 30 s, elongation at 72°C for 60 
s and a final elongation at 72°C for 5 min. Amplification products were subject to 16S 
rRNA gene sequencing and NCBI database comparison to identify novel strains. 
Based on this analysis, strain NH11T was selected for subsequent experiments. 
Further cultivation was performed employing a modified M2 culture broth (M2mod) 
previously used for Rhodopirellula baltica [36] containing 0.5 g/l peptone, 0.25 g/l 
glucose, 250 ml/l artificial sea water (ASW), 5 ml/l vitamin solution (double 
concentrated) and 20 ml/l mineral salt solution. The medium was buffered with 2.38 
g/l HEPES at pH 7.0. Artificial sea water was composed of 46.94 g/l NaCl, 7.84 g/l 
Na2SO4, 21.28 g/l MgCl2 . 6 H2O, 2.86 g/l CaCl2 . 2 H2O, 0.384 g/l NaHCO3, 1.384 g/l 
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KCl, 0.192 g/l KBr, 0.052 g/l H3BO3, 0.08 g/l SrCl2 . 6 H2O and 0.006 g/l NaF. The 
vitamin solution was composed of 4 mg/l biotin, 4 mg/l folic acid, 20 mg/l pyridoxine-
HCl, 10 mg/l riboflavin, 10 mg/l thiamine-HCl . 2 H2O, 10 mg/l nicotinamide, 10 mg/l 
D-Ca-pentothenate, 0.2 mg/l vitamin B12 and 10 mg/l p-aminobenzoic acid. Mineral 
salt solution was composed of 10 g/l nitrilotriacetic acid (NTA), 29.70 g/l MgSO4 . 7 
H2O, 3.34 g/l CaCl2 . 2 H2O, 12.67 mg/l Na2MoO4 . 2 H2O, 99 mg/l FeSO4 . 7 H2O 
and 50 ml/l metal salt sol. “44”. Metal salt sol. “44” was composed of 250 mg/l Na-
EDTA, 1.095 g/l ZnSO4 . 7 H2O, 0.5 g/l FeSO4 .7 H2O, 154 mg/l MnSO4 . H2O, 39.20 
mg/l CuSO4 . 5 H2O, 24.80 mg/l Co(NO3)2 . 6 H2O  and 17.70 mg/l Na2B4O7 . 10 H2O. 
Solid medium was prepared by adding 15 g/l of three times prewashed agar (Becton, 
Dickinson and Company) to the medium. 
 
Light Microscopy 
Phase contrast (Phaco) and differential interference contrast (DIC) analysis were 
performed employing a Nikon Eclipse Ti inverted microscope with a Nikon N Plan 
Apochromat λ 100x/1.45 Oil objective and a Nikon DS-Ri2 camera. Specimens were 
immobilized in MatTek glass bottom dishes (35 mm, No. 1.5) employing a 1% 
agarose cushion. Images were analyzed using the Nikon NIS-Elements software 
(Version V4.3). 
 
Electron microscopy 
For field emission scanning electron microscopy (FESEM) bacteria were fixed in 1% 
formaldehyde in HEPES buffer (3 mM HEPES, 0.3 mM CaCl2, 0.3 mM MgCl2, 2.7 
mM sucrose, pH 6.9) for 1 h on ice and washed one time employing the same buffer. 
Cover slips with a diameter of 12 mm were coated with a poly–L–lysine solution 
(Sigma–Aldrich) for 10 min, washed in distilled water and air–dried. Fifty microliter of 
the fixed bacteria solution was placed on a cover slip and allowed to settle for 10 
min. Cover slips were then fixed in 1% glutaraldehyde in TE buffer (20 mM TRIS, 1 
mM EDTA, pH 6,9) for 5 min at room temperature and subsequently washed twice 
with TE–buffer before dehydrating in a graded series of acetone (10, 30, 50, 70, 90 
and 100%) on ice for 10 min at each concentration. Samples from the 100% acetone 
step were brought to room temperature before placing them in fresh 100% acetone. 
Samples were then subjected to critical–point drying with liquid CO2 (CPD 300, 
Leica). Dried samples were covered with a gold/palladium (80/20) film by sputter 
coating (SCD 500, Bal–Tec) before examination in a field emission scanning electron 
microscope (Zeiss Merlin) using the Everhart Thornley HESE2–detector and the 
inlens SE–detector in a 25:75 ratio at an acceleration voltage of 5 kV. TEM 
micrographs of NH11T cells were taken after negative staining with aqueous 0.1-2% 
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uranyl acetate, employing a Zeiss transmission electron microscope EM 910 at an 
acceleration voltage of 80 kV at calibrated magnification as previously described 
[99]. Prior TEM analysis cells were fixated for 2 h with 3% glutaraldehyde in 3 mM 
EM-HEPES buffer. 
Thin sections of strain NH11T were prepared by high pressure freezing and freeze 
substitution as previously described [100]. Sections were subsequently analyzed 
employing a JEOL 1200EX - 80kV TEM microscope. 
 
Physiological Tests 
Physiological tests such as salinity, pH- and temperature tolerance were performed 
in liquid medium M2mod. To test the NaCl tolerance, medium M2mod was prepared 
employing ASW devoid of NaCl. The required NaCl concentrations were adjusted 
prior inoculation, using a 30% NaCl (w/v) solution. The ASW tolerance was tested 
using M2mod without ASW. Again, the required concentration of ASW was adjusted 
prior inoculation. Growth was detected by monitoring the optical density at 600 nm 
using a Photometer Ultrospec II (LKB Biochrom). Carbon source utilization was 
tested using the GN2 MicroPlate™ system (Biolog), while enzymatic activities were 
tested using the API®ZYM method (bioMérieux). The physical features of the cell 
wall were analyzed by Gram staining, KOH test and Bactident® Aminopeptidase test 
strips. Growth under anoxic conditions was investigated using  the api® 20 NE 
system (bioMérieux) according to the manufacturer’s instructions.  
 
Phylogenetic Analysis and Tree Reconstruction 
For phylogenetic analysis version 6.0.2 of the ARB software package [101] was used 
together with the SILVA database SSURef_NR99 (Version 119, released on 
14.07.2014) [102]. The full length 16S rRNA gene sequence was imported into ARB 
and then aligned using the fast aligner tool of the ARB software package. The 
resulting alignment was further edited manually to improve alignment quality. During 
the phylogenetic tree reconstruction, different type strains of the phylum 
Planctomycetes were used as reference sequences, while type strains of the phylum 
Verrucomicrobia served as out-group. All sequences that were included are listed in 
Table S1. Tree reconstruction was performed with the ARB software package [101]. 
The Maximum Likelihood RAxML module was used with the rate distribution model 
GTR GAMMA running the rapid bootstrap analysis algorithm. The Neighbor Joining 
tool was employed with Felsenstein correction, while the Maximum Parsimony 
analysis was achieved with the Phylip DNAPARS module. Bootstrap values for all 
three methods were calculated with 1000 resamplings including the E. coli 16S rRNA 
gene positions 101–1371.  
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To facilitate the taxonomic classification of strain NH11T, a cluster analysis was 
performed employing version 6.0.6 of the ARB software package [101] together with 
the database SSURef_NR99 (Version 123.1, released on 03.03.16) using a 87.65% 
sequence identity cutoff (threshold for the minimal sequence identity within a 
taxonomic family after  Yarza, et al. [2014]) and E. coli 16S rRNA gene positions 
112–1393. This analysis included all sequences of the family Planctomycetaceae 
that were available in the database as well as sequences of uncultivated 
planctomycetes, while the three clusters obtained for Rubinisphaera brasiliensis 
DSM 5305T, Gimesia maris 534-30T and strain NH11T were selected for further 
phylogenetic tree  reconstruction. For the NH11T containing cluster, the highest, 
lowest, average and median sequence identities were determined by calculating a 
distance matrix based on the E. coli 16S rRNA position 112–1393. 
 
Genome Sequencing 
Genomic DNA of strain NH11T was extracted using the Genomic-tip 20/G kit 
(Qiagen, Germany) and a >10 kb SMRTbell™ template library was prepared 
according to the manufacturer instructions (PacificBiosciences, USA). In brief, ~10 
µg of genomic DNA was end-repaired and ligated to hairpin adapters overnight 
(DNA/Polymerase Binding Kit 2.0, Pacific Biosciences, USA). The SMRTbell™ 
template was exonuclease treated for removal of incompletely formed reaction 
products. Conditions for annealing of sequencing primers and binding of polymerase 
to purified SMRTbell™ template were assessed with the calculator in RS Remote 
(PacificBiosciences, USA). Five SMRT cells were sequenced on the PacBio RS/RSII 
(PacificBiosciences, USA), each covered with a 90-min movie. Eight additional 
SMRT cells were used applying the DNA/Polymerase Binding Kit P4 
(PacificBiosciences, USA) in order to collect larger read lengths. For those cells, 
180-min movies were taken and a sub read lengths up to 20 kb was observed. 
In addition, 2 x 9,143,110 paired-end Illumina reads were obtained employing an 
Illumina HiSeq 2500 for 101 cycles in both directions using the TruSeq DNA Sample 
Prep Kit v2 according to the manufacturer’s instructions (Illumina Inc., San Diego, 
CA, USA). The genome assembly was performed using the RS_HGAP_Assembly.2 
protocol included in SMRT Portal version 2.2.0 utilizing 520,016 reads from all 13 
SMRT cells applying standard parameters with exception of the genome size, which 
was set to 9,100,000. Thus, one final contig could be obtained, which afterwards 
was error-corrected using a subset of 2 x 4,000,000 Illumina reads using BWA [104] 
with subsequent variant and consensus calling employing the CLC Genomics 
Workbench 7.03 (http://www.clcbio.com). Visual inspection of 41 called variants has 
been performed using IGV [105] in addition to prediction of rRNAs using RNAmmer 
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[106]. Hereby, the error-corrected consensus was trimmed, circularized and adjusted 
to dnaA as the first gene. For the circular genome of Fuerstia marisgermanicae 
NH11T the finishing quality is estimated to be at 99.9999% (QV 60) confirmed by 
final PacBio resequencing. Genome annotation has been performed using PROKKA 
1.8 [107]. 
 
Genome Analysis 
Genomic islands and CRISPR regions were identified using IslandViewer3 [108] and 
CRT [109], respectively. The planctomycetal genomes for the gene content analysis 
were derived from NCBI and IMG [110] in April 2016 and had to match the following 
criteria upon CheckM analysis [111]: completeness >90, contamination <5 and strain 
heterogeneity <20. Orthologs were detected with Proteinortho5 [112], a tool that 
identifies the reciprocal best hits from the given protein sequences. The genome plot 
was then generated with BRIG [113]. The G+C content of the DNA was estimated 
by analyzing the genome data using the software Artemis [114]. 
The gene size was calculated from annotations and analyzed with R (R Core Team 
2015) using the packages ggplot2 (Wickham 2009), reshape (Wickham 2007), xlsx 
(Dragulescu 2014). Threshold for large genes were set to 5 kb according to Reva et 
al. (2008). The biggest giant genes of NH11T with a size over 20 kb were further 
analyzed using the InterProScan web service [115, 116]. The genome of strain 
NH11T was screened for putative secondary metabolite clusters using the tool 
antiSMASH 3.0 [117]. 
 
Multilocus sequence analysis (MLSA) 
Orthologs were identified using Proteinortho5 [112] with the “-selfblast” option (which 
enables paralog-detection) enabled. Only genes present exclusively in single copy 
in all compared genomes were selected for MLSA. Alignments of the respective gene 
product amino acid sequences were generated individually for each ortholog group 
using MUSCLE v3.8.31 [118, 119] and subsequently concatenated. Unalignable 
regions, caused by e.g. unique N-terminal or C-terminal sequence overhangs, were 
filtered from the concatenated alignment using Gblocks v.0.91b [120]. Phylogenetic 
relationships were inferred from the remaining unambiguous alignment positions by 
Neighbor Joining clustering with 1000 bootstrap iterations, using ARB 6.0.5 [101] 
and by Maximum Likelihood calculation using RAxML v. 8.0.26 [121]. 
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Fatty Acid Analysis 
For fatty acid analysis, biomass of the three compared strains (NH11T, R. brasiliensis 
DSM 5305T and G. maris 534-30T) was obtained from liquid cultures, grown in 
M2mod culture broth, at 20 °C and slight agitation in baffled flasks . The obtained 
biomasses were processed according to the standards of the Identification Service 
of the German Collection of Microorganisms and Cell Cultures (DSMZ) [122-124]. 
 
Nucleotide Sequence Accession Numbers 
The accession numbers of the nucleotide sequences used for giant gene analysis or 
phylogenetic reconstruction are shown in Table S1. The NCBI genome accession 
number is CP017641. 
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Results  
Phylogenetic Analysis 
Based on 16S rRNA gene phylogeny (Figure 1), strain NH11T clusters together with 
G. maris within the family Planctomycetaceae (bootstrap support values: 69% for 
Maximum Likelihood, 43% for Maximum Parsimony, 46% for Neighbor Joining). 
However, it shares only 87.1% 16S rRNA gene sequence identity with G. maris 
based on BLAST analysis. Its next closest relative besides G. maris is R. brasiliensis 
(84.5% 16S rRNA gene sequence identity). An overview of the identities, generated 
with the manually curated SILVA alignment of all species of the phylum 
Planctomycetes, based on the 1270 base pairs used for phylogenetic reconstruction, 
is given in Table S2. In this analysis the Felsenstein correction was used, to take 
evolutionary events that occurred during speciation into account. According to this 
analysis strain NH11T shares 85.4% identity with G. maris and 84.1% with R. 
brasiliensis, differing from BLAST search results described above. The performed 
cluster analysis revealed, that NH11T, G. maris and R. brasiliensis form three distinct 
clusters within the family Planctomycetaceae with an identity of at least 87.65% 
within each cluster, which is identical with the minimum sequence identity threshold 
for taxonomic families [103] (Figure S1-S3). In particular, within the cluster of strain 
NH11T the minimal sequence identity is 88.3% and the maximal identity is 99.9%. 
The average identity in this cluster is 94.48% with a median of 94.4%, matching the 
threshold of 92.25% for median sequence identity for taxonomic families. 
Chapter 2 
22 
 
 
 
 
Figure 1 | Phylogeny of strain NH11T 
A maximum-likelihood 16S rRNA gene based tree of the phylogenetic position of strain NH11T. Strain NH11T is highlighted in bold letters 
and in comparison planctomycetal type strains are shown, while selected Verrucomicrobia served as outgroup. The bootstrap percentages 
of 1000 resamplings of three different tree building methods (ML = Maximum Likelihood; NJ = Neighbor Joining; MP = Maximum Parsimony) 
are incorporated in this tree, indicated by different shaded dots. Black dots indicate support values above 70% for all three methods while 
white dots refer to a bootstrap support below 50% for at least one method. Branches that were not supported by all three methods show no 
dot.
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Morphological Characterization 
Cells of strain NH11T are pear to ovoid shaped (Figure 2) and form cream colored 
colonies on solid medium and motile swimmer cells in liquid culture. Cells are 1.2-
2.5 × 0.9-1.7 µm in size.  
 
 
Figure 2 | Morphology of strain NH11T 
Representative differential interference contrast (DIC), Phase-contrast (Phaco) and scanning 
electron microscopic (SEM) micrographs of strain NH1. Shown are individual representative 
cells during division through polar budding (A-C) and -aggregate formation (D-F). In addition, 
an overview of multiple cells from a representative liquid culture is provided (G-I). Bar,1 µm. 
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Its major phenotypic characteristics compared to those of G. maris and R. 
brasiliensis are listed in Table 1.  
 
Table  1 | Morphological- and physiological features. 
Comparison of morphological- and physiological features of strain NH11T with the two closest 
related type species Gimesia maris [125]  and Rubinisphaera brasiliensis [126]. 
 
Characteristic NH11T G. maris R. brasiliensis 
Cell shape 
pear shaped 
 to ovoid 
spherical to 
ovoid 
spherical to 
ovoid 
Cell size, µm 1.2-2.5 x 0.9-1.7 0.4-1.5 0.7-1.8 
Flagellation + + + 
Rosette formation - + + 
Stalk formation - + + 
Colony colour cream cream yellow to ochre 
ASW tolerance (%) 27.5-230 25-150 20-300 
ASW optimum (%) 50-117.5 n.d. 40-180 
NaCl tolerance (%, w/v) <5 1.5-4 0.6-10 
pH growth range 6-10 n.d. n.d. 
pH optimum 7 7 7.5 
Temperature range, °C 20-30 6-37 <38 
Temperature optimum, 
°C 
28 30 27-35 
    
 
No rosettes or stalks are formed in culture in contrast to the closest cultivated 
relatives G. maris and R. brasiliensis (Figure 2 and 3). The surface of strain NH11T 
is smooth and seems to lack crateriform structures except of polar regions were fiber-
like structures seem to emerge from crateriform pits (Figure 3). 
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Figure | 3 Crateriform structures of strain NH11T 
TEM analysis of negative stained NH11T cells revealed crateriform structures solely on the 
cell pole (A, white arrow) and fiber like structures seem to arise from such pits (B, black arrow). 
Bar, 0.5 µm. 
 
Furthermore, the cell architecture of strain NH11T and its mode of division seem to 
differ from all other planctomycetes described thus far (Figure 2). High pressure 
frozen and freeze substitution sections of strain NH11T display a condensed nucleoid 
that was previously described in other planctomycetes, too (Figure 4 A-C, white 
arrow). However, some cells display exceptional patterns of cytoplasmic 
invaginations (Figure 4 A+B), while others, except for the condensed nucleoid, 
comprise a cell envelope comparable to E. coli (Figure 4 C). Despite of the degree 
of invaginations with characteristics different from other planctomycetes, ribosomes 
seem to localize frequently in close proximity to the cytoplasmic membrane in a rope-
of-pearls-like pattern (Figure 4 A-C, white arrowheads). Cells of strain NH11T divide 
through budding and unlike all other planctomycetes described thus far, the mother- 
and daughter-cells seem to be connected via a tubular structure during cell division 
(Figure 4 D-G). In particular, a dark structure at the division plane seems to parallel 
the cell division ring previously described for anammox Planctomycetes [90] (Figure 
4 D, black arrow).  
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Figure 4 | Subcellular organization and cell division of strain NH11T 
High pressure frozen and freeze substituted cells of strain NH11T were subject to thin-
sectioning and TEM analysis. Three representative sections of individual cells correspond to 
differences in subcellular organization of strain NH11T (A-C). Cells always comprise a 
condensed nucleoid which is visible as a black structure (white arrow), while their cytoplasmic 
membrane can show different degrees of invaginations (A+B, black arrowheads). Some cells 
even lack any invagination of the cytoplasmic membrane (C). Some ribosomes (white 
arrowheads) are always located at the cytoplasmic membrane despite its degree of 
invagination (A-C). Dividing cells are interconnected by a tubular like structure (D-G). Between 
mother and daughter cell, sometimes a black structure, potentially correlating with a division 
ring, became visible (D, black arrow). This structure could only be observed in some sections, 
while it was absent in others (E-G).  Bar, 0.1 µm. 
 
 
Physiological Characterization 
Strain NH11T is able to grow between pH 6 and 10, with an optimal growth at pH 7 
(Figure S4 A). NH11T tolerates up to 5% NaCl supplementation (Figure S4 B) and 
requires at least 27.5% ASW for detectable growth (Figure S4 C). In contrast, up to 
230% ASW can be tolerated, while optimal growth conditions are in the range of 50 
– 117.5% ASW. Temperature-wise, strain NH11T can grow between 20 and 30 °C, 
with optimal growth at 28 °C (Figure S4 D). Thus, strain NH11T is a mesophilic 
organism. It is capable of utilizing a variety of carbon sources, listed in Table 2.  
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Table 2 | Carbon sources utilized by strain NH 
11T. 
 
Carbon sources 
N-Acetyl-D-Galactosamine + 
N-Acetyl-D-Glucosamine + 
L-Arabinose + 
D-Cellobiose + 
D-Galactose + 
Gentiobiose + 
α-D-Glucose + 
α-D-Lactose + 
Lactulose + 
Maltose + 
D-Mannose + 
D-Melibiose + 
β-Methyl-D-Glucoside + 
L-Rhamnose - 
Sucrose + 
D-Trehalose + 
Turanose + 
Succinic Acid Mono-Methyl-Ester + 
Acetic Acid + 
D-Glucuronic Acid + 
γ-Hydroxybutyric Acid W 
Itaconic Acid W 
Propionic Acid W 
Glycerol + 
  
+, positive; -, negative; W, weakly positive 
 
 
In particular N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, L-arabinose, D-
cellobiose, D-galactose, gentiobiose, α-D-glucose, α-D-lactose, lactulose, maltose, 
D-mannose, D-melibiose, β-methyl-D-glucoside, sucrose, D-trehalose, turanose, 
succinic acid mono-methyl-ester, acetic acid, γ-hydroxybutyric acid, itaconic acid, 
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propionic acid and glycerol were utilized. In contrast to the closest related G. maris 
and R. brasiliensis, strain NH11T was not able to use L-rhamnose as carbon source. 
The enzymatic repertoire of strain NH11T comprises Alcaline phosphatase, Esterase, 
Esterase lipase, Leucinearylamidase, Valinearylamidase, Cysteine arylamidase, 
Trypsin, α-chymotrypsin, Acid phosphatase, Naphthol-AS-BI-phosphohydrolase, α-
galactosidase and α-glucosidase. All enzymatic features are listed in Table 3. No 
growth under anoxic conditions was observed.  
 
Table 3 | Enzymatic activities of strain NH11T, 
determined with the API ZYM test. 
Enzymatic activities 
Alcaline phosphatase + 
Esterase (C 4) + 
Esterase lipase (C 8) + 
Lipase (C 14) - 
Leucinearylamidase + 
Valinearylamidase + 
Cysteine arylamidase + 
Trypsin + 
α-chymotrypsin + 
Acid phosphatase + 
Naphthol-AS-BI-phosphohydrolase + 
α-galactosidase - 
β-galactosidase - 
β-glucuronidase - 
α-glucosidase + 
β-glucosidase - 
N-acetyl-β-glucosaminidase - 
α-mannosidase - 
α-fucosidase - 
+, positive; -, negative 
 
 
Lipid Composition 
The fatty acids of strain NH11T and its closest relatives G. maris and R. brasiliensis 
were analyzed and compared. The major fatty acids of strain NH11T consist of 
59.16% C16:1 6c/16:1 7c (summed feature 3), 19.83% C18:1 6c/18:1 7c (summed 
Chapter 2 
 
29 
 
feature 8) and 15.12%C16:0. In comparison, G. maris comprised 26.63% of C16:1 
6c/16:1 7c (summed feature 3), 23.50% of C16:0 and 12.98% of C16:0 10-methyl/Iso-
C17:1 6c (summed feature 9). The fatty acid profile of R. brasiliensis is composed of 
47.10% C16:0 and 45.77% C16:1 6c/16:1 7c (summed feature 3). The complete fatty 
acid profiles of strain NH11T, G. maris and R. brasiliensis are listed in Table 4.  
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Table 4 | Cellular fatty acid contents (%) of NH11T in comparison to G. maris 
and R. brasiliensis. Major fatty acids of the strain NH11T are C16:1 6c/16:1 7c 
(Summed feature), C18:1 6c/18:1 7c (Summed feature) and C16:0. 
       
Fatty acid NH11T G. maris R. brasiliensis 
Saturated       
C14:0 0.18 0.32 0.27 
C16:0 15.12 23.50 45.77 
C17:0 0.44 7.11 0.53 
C17:0 10-methyl - 1.03 - 
C18:0 0.61 1.41 0.56 
Unsaturated       
C15:1 6c 0.88 2.46 0.28 
C16:1 5c 0.45 0.36 0.36 
C17:1 6c 1.82 4.63 - 
C17:1 7c 0.62 - - 
C17:1 8c - 3.05 0.30 
C18:1 5c 0.14 - - 
C18:1 7c - 5.76 - 
C18:1 9c - 2.43 1.02 
C20:1 7c - 0.26 2.76 
Branched       
Iso-C16:0 0.19 1.96 - 
3-Hydroxy       
C12:0 3-OH - 0.33 - 
Summed features       
2: C14:0 3-OH/Iso-C16:1 0.55 - - 
3: C16:1 6c/16:1 7c 59.16 26.63 47.10 
8: C18:1 6c/18:1 7c 19.83 5.76 1.06 
9: C16:0 10-methyl/Iso-C17:16c - 12.98 - 
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Taken together, the general fatty acid profile of strain NH11T is  similar, yet distinct 
compared to its closest relatives G. maris and R. brasiliensis and differs mainly in 
the components proportions.  
 
Genome Analysis 
The complete chromosome of strain NH11T comprises 8,920,478 bp, with a GC 
content of 55.9 %. Within the genome, 6732 genes were annotated, of which 6645 
were identified as protein-coding genes. As known for other planctomycetes [38], 
only for 54.3% of these genes a function could be predicted, while the remaining 
genes were annotated as hypothetical proteins or proteins with unknown function. 
Notable islands of unique gene content were found to especially comprise regions 
of predicted genomic islands and regions containing so-called “giant genes” [37]. 
The genomic features of strain NH11T are summarized in Figure 5.  
Chapter 2 
32 
 
 
  
Chapter 2 
 
33 
 
Figure 5 | Genomic features of strain NH11T 
The circular plot of strain NH11T’s 8.9 Mb chromosome summarizes multiple genomic 
features: the outer circles display protein (light and dark blue), tRNA (turquoise) and rRNA 
(pink) encoding genes as well as predicted genomic islands (grey) and giant genes (purple). 
The innermost circle shows the GC plot (grey). In between, orthologue genes from 
planctomycetal strains, for which high quality genomes were available, were identified by 
reciprocal BLAST and are depicted in green, yellow and orange, according to the color 
scheme of Figure 7. Notable islands of unique gene content in NH11T are visualized as gaps 
and they are found to in regions of predicted genomic islands and / or giant genes. 
 
In total, the genome of strain NH11T comprises 45 giant genes, with a size greater 
than 5 kb (Figure S5). By the time of the first description of giant genes in the genome 
of R. baltica [37] no other planctomycetal genome sequence was available. Thus, 
we analyzed the general distribution of giant genes amongst Planctomycetes and 
found all 29 available planctomycetal genomes to encode such genes (Figure 6). 
Fifteen strains encoded genes with a size >20 kb, two of which Rhodopirellula sp. 
K833 and NH11T, even encode five >20 kb genes (Figure S6). Thus, genes >20 kb 
could be found in less than 50% of the available planctomycetal genomes. 
Furthermore, genes >30 kb were exclusively found in strain NH11T and G. maris. 
Thus strain NH11T is somewhat unique if gene-length is compared to other 
planctomycetes. Consequently, we analyzed the potential function of five NH11T 
protein-coding genes >20 kb. The results, obtained from the InterProScan web 
service, points toward potential functions in cell adhesion, carbohydrate binding and 
partial location on the outer membrane of  NH11T. 
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Figure 6 | Planctomycetal giant genes  
The gene size distribution of different Planctomycetes with available genomes is ordered by 
declining phylogenetic relationship to NH11T. Median size of genes, 25 and 75 % percentiles 
are shown and whiskers represents the 1.5* interquartile range and dots outliers. Fuerstia 
marisgermanicae comprises 45 giant genes (>5kb), the biggest gene is 36,239 bp in size. 
 
Because TEM analysis points toward an anammox Planctomycetes-like cell division 
ring [90] (Figure 4 D, black arrow), the genome was analyzed toward the presence 
of the putative cell division ring protein of Candidatus “K. stuttgartiensis” (locus tag 
kustd1438, NCBI Accession Number CAJ72183). The best match was a hypothetical 
protein with 36% sequence identity but only 19% query coverage (Fuma_00096), 
suggesting that this is presumably not a homolog of the putative protein found in 
Candidatus “K. stuttgartiensis”. However, with a size of 8699 bp, the gene that 
encodes for this hypothetical protein of strain NH11T belongs to the identified giant 
genes. Analysis of this hypothetical protein, using the InterProScan web service, 
revealed the presence of Lamin Tail- (IPR001322), Ig-like- (IPR032812) and PapD-
like domains (IPR008962), indicating putative involvement of this protein in cell 
shape maintenance or sub cellular organization.  
Besides the giant genes, further analysis of the genome revealed the presence of a 
complete CRISPR type II system (cas9: Fuma_04885, cas1: Fuma_4887, cas2: 
Fuma_4888) [127]. Only 2 other of the 35 analyzed planctomycetal genomes, 
corresponding to organisms Blastopirellula marina SH 106 and Candidatus 
“Brocadia sinica” JPN1, comprise such a system while the closest relative of strain 
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NH11T, G. maris lacks equivalent genes. This indicates that bacteriophages can 
infect strain NH11T as the CRISPR type II system is primarily used for phage 
defense. Furthermore, absence in G. maris indicates differences in terms of phage 
susceptibility and / or defense strategy in comparison to strain NH11T. 
As Planctomycetes are a known source of potential bioactive compounds [36], the 
genome of strain NH11T was analyzed using antiSMASH 3.0 [117]. In total, four 
secondary metabolite-associated gene clusters were found. In contrast, G. maris, as 
closest relative to NH11T, encodes 9 putative secondary metabolite related genes 
and gene clusters. Thus, again, strain NH11Tdifferes from its peers.  
However, the four identified genes and clusters might be related to bacteriocins (2), 
terpenes (1) and ectoines (1) based on the antiSMASH prediction. Ectoins are 
compatible solutes, playing a role in the salt stress response e.g. in halophilic 
eubacteria [128-130]. However, physiological tests gave no evidence for an 
increased salt tolerance (>5% NaCl (w/v)) of strain NH11T (see Table 1).  
The genome sequence of strain NH11T was further used to verify the 16S rRNA gene 
sequence based phylogeny via Multi Locus Sequence Analysis (MLSA). This 
method enables to increase the phylogenetic resolution and to avoid the bias caused 
by single marker gene-based phylogenies. This was achieved by considering 
sequences of multiple independent single copy genes shared by the comparison 
organisms [131]. The MLSA-based phylogeny is shown in Figure 7 and further 
supports our 16S rRNA gene based placement.  
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Figure 7 | Multilocus sequence analysis (MLSA) of strain NH11T 
The phylogenetic tree is based on Neighbor Joining analysis, with bootstrap values (presented by black, grey and white dots) based on 1000 
permutations. Additionally, Maximum Likelihood (ML) analysis was performed and is also indicated by dots. The performed calculations 
where based on 68695 unambiguous amino acid sequence alignment positions of 143 concatenated orthologous single-copy protein gene 
products shared by all 37 included genomes. The ortholog selection was based on bidirectional BLAST analysis as implemented in 
Proteinortho5 [112]. Sequences were aligned individually for each ortholog group and subsequently concatenated. Unalignable regions were 
filtered from the alignments using Gblocks [120]. The genomes of Opitutus terrae PB90-1 and Verrucomicrobium spinosum DSM 4136 
served as outgroup. To enhance clarity, several monophyletic groups of reference organisms are shown collapsed as others are indicated 
by orange and green boxes, according to the color scheme of Figure 5.
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Discussion 
Strain NH11T is in many ways an unusual planctomycete. Based on 16S rRNA gene 
sequence comparison, it branches within the former genus Planctomyces which was 
recently found to be polyphyletic. Consequently it was further subdivided into the 
separate genera Gimesia, Planctopirus, Rubinisphaera and Planctomyces, which all 
belong to the order Planctomycetales and the family Planctomycetaceae [132]. 
Similar results were obtained by a MLSA phylogenetic analysis, while both 
approaches provided rather low bootstrap support. However, since both methods 
gave similar results, strain NH11T is likely to cluster within the family 
Planctomycetaceae.  
To allow a detailed taxonomic classification, we performed further 16S rRNA gene 
sequence comparison (Table 1). We found, if evolutionary events were considered, 
that strain NH11T belongs to a novel family based on current thresholds [103]. In 
contrast, direct comparison, without acknowledging evolutionary events, led to 
87.1% 16S rRNA gene sequence identity to its closest relative G. maris, while the 
current taxonomic thresholds of the bacterial family border is 86.5%. However, within 
a family, a minimum sequence identity of 87.65% should be given between the 
separate species [103], while strain NH11T and G. maris comprise only 87.1% 
sequence identity. Thus without taking evolutionary events into account, strain NH11 
T falls right in between both thresholds [103]. To solve this conflict, a 16S rRNA 
sequence alignment based cluster analysis was performed. The results (Figure S1-
S3) clearly demonstrate that all available 16S rRNA gene sequences from cultivated 
and uncultivated members of the family Planctomycetaceae form multiple clusters, 
while strain NH11T and the genera Gimesia and Rubinisphaera belong to three 
distinct clusters. Thus from a phylogenetic perspective strain NH11T belongs to a 
novel family. 
This conclusion is consistent with other types of evidence obtained in this study: the 
morphological features of strain NH11T differ from those of its closest relatives. For 
example, G. maris is described to stain Gram negative [125] whereas employing the 
same Gram staining method to strain NH11T delivered no clear result. However, 
others and we recently demonstrated the presence of peptidoglycan in a 
phylogenetically representative set of planctomycetal model species [50, 89]. 
Consequently, we suggest to exclude this classical Gram staining test as a valid tool 
for future characterization of novel planctomycetal strains, as it is of limited 
explanatory power for Planctomycetes. Nevertheless, other aspects of strain NH11T 
differ from its peers as well. Another aspect that differs between strain NH11T and 
members of the family Planctomycetaceae such as P. limnophila is the localization 
of the crateriform structures. They are hardly visible (Figure 3) and seem to be 
associated with fiber-like structures. However, such fiber-like structures might be 
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artifacts from EM fixation methods and thus require further investigation. If such 
structures are associated with cell attachment to surfaces remains as well enigmatic. 
While G. maris and R. brasiliensis form stalks and rosettes in culture, strain NH11T 
lacks both features. In addition, strain NH11T forms a tubular connection between 
daughter and mother cell (Figure 4 D-G). Within this tubes in some sections a dark 
structure became visible that was previously identified as cell division ring in 
anammox Planctomycetes [90]. However, anammox bacteria divide, in contrast to 
budding members of the order Planctomycteales, through binary fission. While both 
types of organisms lack the otherwise universal cell division protein FtsZ, only for 
anammox-Planctomycetes a potential substitute is known (locus tag kustd1438, 
NCBI Accession Number CAJ72183). While no homolog protein could be 
determined in the genome of strain NH11T, the molecular mechanism of its unusual 
cell division remains enigmatic. One might speculate that Fuma_00096, a protein 
similar, yet distinct from kustd1438, might be involved in the formation of the unique 
tubular connection between mother- and daughter cell and might correlate with the 
anecdotally observed structure (Figure 4D, black arrow). This idea is based on the 
Lamin Tail domain of Fuma_00096, which corresponds to an intermediate filament 
(IF). Such IFs are frequently found in eukaryotic cells to provide mechanical strength 
and support for fragile tubulin structures [133]. However, this is only a hypothesis at 
this stage, that requires experimental verification.  
Besides morphological differences, the genome of strain NH11T shows distinct 
features if compared to other Planctomycetes as well. First, it contains areas of 
unique genes, if compared against the available high quality planctomycetal 
genomes. Second, these areas were found to comprise both, genomic islands - likely 
acquired through horizontal gene transfer - and giant genes. In total, 19 giant genes 
with a size >10 kb were detected, which is the highest number amongst all analyzed 
planctomycetal genomes (Figure S7). Representatives of the family 
Planctomycetaceae in contrast possess a maximum of 13 giant genes of this 
dimension. The protein products of giant genes, if synthetized, would represent a 
huge metabolic burden, suggesting that they have an important cellular function. 
Thus 6 - 19 additional giant genes >10 kb compared to its peers suggests a huge 
difference in strain NH11T’s cell surface or secondary metabolism. This is because 
more than 90% of giant genes encode either surface proteins or polyketide / 
nonribosomal peptide synthetases (PKS/NRPS) [37]. Surprisingly, our antiSMASH 
analysis revealed only four secondary metabolite-associated gene clusters. One of 
these gene clusters is predicted to encode the compatible solute ectoine, giving a 
hint toward an increased salt tolerance of the strain. However, since ASW is tolerated 
up to 230% (v/v) and NaCl up to 5% (w/v) , it is rather adapted to moderate salt 
concentration. In contrast to the four clusters found in strain NH11Ts genome, its 
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closest relatives R. brasiliensis and G. maris comprise 8 and 9 of such clusters [36]. 
Furthermore, a significant linear correlation between genome size and number of 
secondary metabolite related genes has been described [36]. With a genome size of 
almost 9 MB strain NH11T is an exception to this observation. Two potential 
scenarios could be envisioned: either the giant genes of strain NH11T fulfill other, 
maybe structural functions, or they might be involved in the formation of yet unknown 
secondary metabolites. While the latter hypothesis fits to the recent observation of 
novel antibiotic small molecules from Planctomycetes [85], at least some giant genes 
are predicted to encode proteins with structural function such as the discussed 
Fuma_00096. While resolving this issue is beyond the scope of this study, we 
conclude that the genome of strain NH11T differs in important aspects from its peers.           
Taken together, the 16S rRNA gene sequence identity, the unusual mode of cell 
division, its unique cell plan and its unusual planctomycetal genome require to place 
this novel and exceptional species in a new family. However, the family 
Planctomycetaceae would not be monophyletic anymore and based on our cluster 
analysis requires division into three distinct families. To prevent back- and forth 
renaming of species, genera and families, we describe strain NH11T as novel genus 
and species for now. We soon will present multiple novel planctomycetal strains and 
only in the light of such isolates rewriting the planctomycetal taxonomy would make 
sense. Thus, rearrangements within the family Planctomycetaceae will be revisited 
in the future (Jogler C, personal communication). 
 
 
Description of Fuerstia gen. nov. 
Fuerstia (named in honor of John Fuerst, an Australian microbiologist from University 
of Queensland, who played a key role in planctomycetal research). The pear to ovoid 
shaped cells form aggregates in liquid culture, but no rosettes. Daughter cells are 
motile, while mother cells are non-motile and no stalk formation was observed. The 
surface is smooth, crateriform stuctures are limited to one pole and cells reproduce 
by polar budding while mother- and daughter cells are connected by a thin tubular-
like structure. The lifestyle is heterotrophic, obligatory aerobic and mesophilic. The 
major fatty acids are C16:1 6c/16:1 7c (Summed feature), C18:1 6c/18:1 7c 
(Summed feature) and C16:0. Member of the phylum Planctomycetes, class 
Planctomycae, order Planctomycetales, family Planctomycetaceae. The type 
species is Fuerstia marisgermanicae. 
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Description of Fuerstia marisgermanicae sp. nov. 
Fuerstia marisgermanicae (ma′ris L. n. maris of the sea and ger.ma’ni.cae L. adj. 
German, pertaining to the German North Sea from which the type strain was 
isolated). In addition to the features described for the genus, the species exhibits the 
following properties. Colonies on solid medium are cream colored. Cells are 1.2-2.5 
× 0.9-1.7 µm in size. Non motile mother-cells spawn motile, swimming, daughter 
cells. Gram staining delivers no clear result. KOH test and aminopeptidase test are 
negative, while oxidase and catalase tests positive. The organism is able to degrade 
a wide range of carbon sources, in particular N-acetyl-D-galactosamine, N-acetyl-D-
glucosamine, L-arabinose, D-cellobiose, D-galactose, gentiobiose, α-D-glucose, α-
D-lactose, lactulose, maltose, D-mannose, D-melibiose, β-methyl-D-glucoside, 
sucrose, D-trehalose, turanose, succinic acid mono-methyl-ester, acetic acid, γ-
hydroxybutyric acid, itaconic acid, propionic acid and glycerol were utilized. The 
enzymatic repertoire of the species, tested with API ZYM, is listed in Table 3. Growth 
occurs between pH 6 and 10 with an optimum at pH 7. At least 27.5% ASW is needed 
for growth, The optimal temperature for growth is 28 °C (range between 20 and 30 
°C). The type strain is NH11T (= DSM 27554 = LMG 27831) isolated from a 
crustacean shell. 
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Abstract 
Seagrasses are members of a group of submerged flowering plants that are 
abundant around the globe. In the Mediterranean Sea, the species Posidonia 
oceanica is most abundant and forms seagrass meadows across the ocean floor, 
which serve as valuable breeding grounds for fish and shape the marine 
environment by stabilizing ocean floor substrates. Additionally, seagrass meadows 
retain nutrients from being washed away by the tides and serve as important carbon 
sinks. Despite their importance, little is known about the epiphytic microbial 
community. In this study, we present amplicon sequencing results, showing that 
Planctomycetes can dominate the biofilms on young and aged P. oceanica leaves 
(Chapter 3A). By employing selective cultivation media, we isolated two novel 
planctomycetal strains, representing two novel genera within the phylum 
Planctomycetes. Additionally, we sequenced the genomes of the novel strains,  
enriching the pool of available planctomycetal genomes (Chapter 3B). 
 
Introduction 
Seagrasses are a paraphyletic group of angiosperm (higher) plants which 
exclusively live in estuarine and marine environments [15]. They belong to four 
families, Posidoniaceae, Zosteraceae, Cymodoceaceae and Hydrocharitaceae 
[134]. Among them, the endemic species Posidonia oceanica is most common in  
the Mediterranean Sea [135] (Figure 1). Posidonia meadows provide breeding and 
nursery ground for various fish and other marine organisms. They influence 
commercial fishing and shape the coastal structure by accumulating nutrients. 
Posidonia meadows are primary biomass producers (together with its epiphytes up 
to 3,000 g m-2a-1), important for global carbon cycling and hotspots for nutrients in 
the otherwise oligotrophic surrounding sea water [16]. Their capacity to accumulate 
carbon exceeds the potential of many terrestrial ecosystems like boreal forests [136]. 
They influence food webs from shallow bays to 40 meters water depth. Strikingly, P. 
oceanica is a threatened species and the decreasing population is less and less 
contributing to the global carbon sink [137]. Besides its role in carbon cycling, either 
Posidonia plants or their epiphytes are suggested to produce novel small molecules 
with potential use in human medicine [138, 139]. P. oceanica itself, due to its 
importance in the ecosystem of the Mediterranean Sea, has been thoroughly 
investigated. Seasonal growth patterns as well as evidence for alarming decline 
rates due to habitat pollution and global warming-associated environmental changes 
have been reported [140-142]. However, only few studies focused on P. oceanica’s 
epiphytic microorganisms [143]. This is astonishing, given the mutualistic 
relationship of terrestrial plants and their microorganismic communities: they can not 
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only promote growth, but also benefit their host in terms of salt stress tolerance [144, 
145]. So far, the little research on the microbiome associated with P. oceanica was 
mostly focused on the roots [146-148] and on bacterial endophytes [149]. Only very 
view studies focused on the leaf microbiome, for example of eelgrass (Zostera 
marina), a plant endemic in the coastal regions of the northern hemisphere [150, 
151]. Such studies indicated high variability in the microbiome species composition 
and rather low abundances of bacteria from the phylum Planctomycetes [150, 151]. 
This is surprising given that all sorts of surfaces in aquatic habitats such as 
macroalgae [58, 152-154] [58, 84], crustaceans [155], plants [156], marine snow [61] 
and cyanobacterial aggregates [157] are known to be colonized by Plancromycetes. 
They are abundant and sometimes even dominant among such eukaryotic surface 
microbiomes and can reach up to 70% of the bacterial community composition (for 
review see [32]). Planctomycetes form, together with Verrucomicrobia and 
Chlamydia, the PVC superphylum [20]. They feature a unique cell biology among 
bacteria [32, 49, 51, 155]. Cells of most Planctomycetes divide by polar budding, via 
a yet unknown molecular mechanism, without the otherwise essential bacterial 
divisome proteins like FtsZ [41]. Some representatives of the order 
Planctomycetales feature a biphasic life cycle, switching between a planktonic 
flagellated swimmer and a sessile reproducing stage [54-56, 158]. Planctomycetal 
cells display an enlarged periplasmic space, putatively involved in dismantling 
complex carbon compounds [51]. Such cell biological features are related with rather 
slow growth (for review see [32]). Consequently, the   dominance of Planctomycetes 
in habitats as competitive as alluring nutrient hotspots in the oligotrophic ocean 
appeared enigmatic. Planctomycetes were consequently suggested to be 'talented 
producers' of small bioactive molecules using chemical warfare to defend their 
ecological niche [32, 36, 159, 160]. Recently, the structure of the first small molecule 
of planctomycetal origin was elucidated and it was found to act as quorum sensing 
signal manipulating the biofilm formation of other bacteria to the advantage of its 
producer [161], indication that this hypothesis might be valid. 
In this study, we analyze the epiphytic bacterial community composition of Posidonia 
oceanica plants with electron microscopy and deep 16S rRNA gene amplicon 
sequencing. In addition, we employed a refined cultivation strategy to enrich and 
isolate yet-unknown bacteria of the phylum Planctomycetes. 
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Material and methods 
Sampling of seagrass material 
Young (low number of macroscopic epiphytes) and aged (high number of 
macroscopic epiphytes) Posidonia oceanica leaves were sampled by scientific 
scuba diving near the coastal shore line of Corsica, France (September 29, 2015; 
42.579N 8.725 E). In addition, surrounding water from 15 m depth was collected 
using sterile 1 l bottles. Samples were immediately transferred to the STARESO 
laboratories (STARESO, Pointe Revelatta, Corsica) and processed at the same day. 
Sample material designated for cultivation experiments was washed twice with 
sterile artificial seawater and stored at 4°C, while material for DNA extraction 
(biofilms and filters) was stored at -20°C and transferred on dry ice to the DSMZ, 
Braunschweig, Germany for further processing. 
 
Filtration of water samples 
Triplicate water samples were homogenized by gentle stirring and 1 l was used for 
filtration. Water was filtered through a polycarbonate membrane filter (Ø 47 mm, 
Isopore™, Merck, Darmstadt, Germany) with a pore size of 0.22 µm to collect all 
planktonic-living microorganisms in the sea water in close periphery to the P. 
oceanica meadow. Filters were frozen and stored at -20°C until DNA extraction. 
 
Seagrass and biofilm preparation 
Young and aged P. oceanica leaves were gently rinsed several times with filter 
sterilized artificial sea water (Corning® bottle top filters, Sigma-Aldrich, Munich, 
Germany) to remove contaminating unattached bacteria. 5-10 leaves of young and 
aged seagrass were split from the collected material and immediately fixed in 1.5% 
formaldehyde and stored in the dark at 4°C. In addition, remaining seagrass was 
further processed, and biofilm was scraped off into sterile deionized water or sterile 
artificial sea water, using sterile scalpels. The corresponding biofilm suspensions 
was stored in deionized water and immediately frozen on dry ice until DNA 
extraction. In contrast, biofilms stored in artificial sea water were kept in the dark at 
4°C for subsequent cultivation experiments. 
 
Genome sequencing 
High molecular weight gDNA of novel planctomycetal strains was isolated employing 
the Genomic DNA kit with Genomic tips 100/G (Qiagen, Venlo, Netherlands) as 
recommended by the manufacturer with one exception: incubation time with 
digestive enzymes was prolonged to an overnight step to ensure complete lysis of 
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planctomycetal cells. An aliquot of the extracted gDNA was used to prepare 16S 
rRNA clone libraries (Zero Blunt® PCR Cloning kit; Invitrogen, Thermo Fisher 
Scientific, Waltham, USA) and resulting clones were sequenced using universal 16S 
gene targeting primer 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) to ensure purity 
of the extracted DNA. Quantification of extracted genomic DNA was performed using 
the Qubit® dsDNA HS or BR Assay Kit, depending on DNA concentration 
(Invitrogen™, Thermo Fisher Scientific, Waltham, USA) following the manufacturers 
recommendations. For quantification 1 µl extracted gDNA/amplicon was used and 
samples were measured in a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, 
Waltham, USA). 
 
Isolation and cultivation 
Basically, isolation and cultivation occurred as previously described [162]. In detail, 
for initial cultivation, solidified NAGH ASW medium was used. NAGH ASW medium 
consisted of 250 ml/l artificial sea water (ASW), 20 ml/L mineral salt solution and 
2.37 g/L HEPES. The pH was adjusted to 7.5. Artificial seawater consisted of 46.94 
g/L NaCl, 7.84 g/L Na2SO4, 21.28 g/L MgCl2 . 6 H2O, 2.86 g/L CaCl2 . 2 H2O, 0.384 
g/L NaHCO3, 1.384 g/L KCl, 0.192 g/L KBr, 0.052 g/L H3BO3, 0.08 g/L SrCl2 . 6 H2O, 
0.006 g/L NaF. Trace element solution consisted of 1.5 g/L Na-nitrilotriacetate, 500 
mg/L MnSO4 . H2O, 100 mg/L FeSO4 . 7 H2O, 100 mg/L Co(NO3)2 . 6 H2O, 100 mg/L 
ZnCl2, 50 mg/L NiCl2 . 6 H2O, 50 mg/L H2SeO3, 10 mg/L CuSO4 . 5 H2O, 10 mg/Ll 
AlK(SO4)2 . 12 H2O, 10 mg/L H3BO3, 10 mg/L NaMoO4 . 2 H2O and Na2WO4 . 2 H2O 
(modified from (Karsten and Drake, 1995). Mineral salt solution was composed of 10 
g/L nitrilotriacetic acid (NTA), 29.70 g/L MgSO4 . 7 H2O, 3.34 g/L CaCl2 . 2 H2O, 12.67 
mg/L Na2MoO4 . 2 H2O, 99 mg/L FeSO4 . 7 H2O and 50 ml/L metal salt sol. ‘44’. Metal 
salt sol. ‘44’ was composed of 250 mg/L Na-EDTA, 1.095 g/L ZnSO4 . 7 H2O, 0.5 g/L 
FeSO4 . 7 H2O, 154 mg/L MnSO4 . H2O, 39.20 mg/L CuSO4 . 5 H2O, 24.80 mg/L 
Co(NO3)2 . 6 H2O and 17.70 mg/L Na2B4O7 . 10 H2O. The vitamin solution was 
composed of 4 mg/L biotin, 4 mg/L folic acid, 20 mg/L pyridoxine-HCl, 10 mg/L 
riboflavin, 10 mg/L thiamine-HCl . 2 H2O, 10 mg/L nicotinamide, 10 mg/L D-Ca-
pentothenate, 0.2 mg/L vitamin B12 and 10 mg/L p-aminobenzoic acid. To prepare 
solid media, either 8 g/L gellan gum (initial cultivation) or 12 g/L washed (three times 
with deionized water) agar (maintenance of strains) were autoclaved separately and 
added to the medium prior to pouring plates. For initial isolation, 20 ml/L of a 5% 
solution N-acetyl-D-glucosamine (NAG) was added as sole carbon and nitrogen 
source and 20 ml/L nystatin suspension as anti-fungal agent. Additionally, 500 mg/L 
streptomycin and 100 mg/L ampicillin were added to enrich planctomycetes and 
suppress the growth of undesired heterotrophic bacteria. For subsequent cultivation 
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of novel isolates, medium M1H NAG ASW was prepared by adding 0.25 g/L peptone, 
0.25 g/L yeast extract and 10 ml/L of a 2.5% glucose solution in addition to NAG.  
Solid medium NAGH ASW was inoculated with 1:100 diluted biofilm suspensions of 
young and aged P. oceanica leaves. In addition, P. oceanica leaves were swapped 
over NAGH ASW plates and pieces were placed on the plates. All inoculated cultures 
were incubated at 20°C in the dark until colony formation was visible. Phenotypically 
parameters for colony selection were first of all slow growth and second a pink or 
cream-colored pigmentation and a smooth colony appearance. Selected colonies 
were subject to several rounds of dilution plating. Purified strains were identified by 
direct sequencing of the 16S rRNA gene after amplification with the optimized 
universal primers 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) and 1492r (5’–GGY 
TAC CTT GTT ACG ACT T–3’) modified from Lane [1991]. PCR reactions were 
performed directly on single colonies, employing the following protocol consisted of 
two steps: the first step with an initial denaturation at 94°C, 5 min, 10 cycles of 
denaturation at 94°C, 30 sec, annealing at 59°C, 30 sec, elongation at 72°C, 1 min. 
The second step with 20 cycles denaturation at 94°C, 30 sec, annealing at 54°C, 30 
sec, elongation at 72°C, 1 min and a final elongation step at 72°C, 7 min. All 
amplifications were carried out using an Applied Biosystems Veriti thermal cycler 
(Thermo Fisher Scientific, Waltham, USA) and PCR products were stored at 4°C 
until Sanger sequencing. Phylogenetic novelty of planctomycetal isolates was first 
checked by BLASTn analyses and isolates with sequence identity values below a 
97% threshold were further investigated. To generate near full length 16S rRNA 
gene sequences, the following additional primers were used for sequencing: 341f 
(5’-CCT ACG GGW GGC WGC AG-3’)[163], 515f (5’-GTG CCA GCA GCC GCG G-
3‘)[98], 515r (5‘-CCG CGG CTG CTG GCA C-3’)[163], 1055f (5’-ATG GCT GTC 
GTC AGC T-3‘)[164], 1055r (5‘-AGC TGA CGA CAG CCA T-3‘)[164, 165]. 
Sequences were cured manually and assembled employing the ContigExpress 
application of the Vector NTI® Advance 10 software (Thermo Fisher Scientific, 
Waltham, USA) or program DNA Man (Lynnon Biosoft Corporation). 
 
Phylogenetic analysis and tree reconstruction  
16S rRNA gene phylogeny was computed for strains Kor34T and Kor42T, the type 
strains of all described planctomycetal species (January 2019) and all isolates 
recently published by Wiegand, et al. [2019]. The 16S rRNA gene sequences were 
aligned with SINA [166]. The phylogenetic analysis was done employing a maximum 
likelihood (ML) approach with 1,000 bootstraps, the nucleotide substitution model 
GTR, gamma substitution and  estimation of proportion of invariable sites 
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(GTRGAMMAI option) [121]. Three 16S rRNA genes of bacterial strains from the 
PVC super-phylum served as outgroup.  
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Wide field light microscopy 
Bacterial cells were immobilized on a 1% agarose–pad in MatTek 35 mm glass-
bottom dishes and imaged under phase–contrast illumination using a Nikon Eclipse 
Ti invers microscope at 100-fold magnification and employing the Nikon DS-Ri2 
camera. To determine the cell size of the novel strains, 100 individual cells of each 
strain were measured using the NIS-Elements software V4.3 (Nikon Instruments). 
 
Field emission scanning electron microscopy of bacteria and 
seagrass leaf biofilms 
KOR34T and KOR42T cells were fixed in modified HEPES buffer (3 mM HEPES, 0.3 
mM CaCl2, 0.3 mM MgCl2, 2.7 mM sucrose, pH 6.9) containing 1% formaldehyde 
for 1 h on ice and were washed once with the same buffer. Cover slips with a 
diameter of 12 mm were coated with a poly-L-lysine solution (Sigma-Aldrich, Munich, 
Germany) for 10 min, washed with distilled water and air-dried. Seagrass blades, 
fixed with 1,5 formaldehyde, or 50 µl of the fixed bacteria solution were placed on a 
cover slip and allowed to settle for 10 min. Cover slips were then fixed in 1% 
glutaraldehyde in TE buffer (20 mM TRIS, 1 mM EDTA, pH 6,9) for 5 min at room 
temperature and subsequently washed with TE–buffer (twice) before dehydrating in 
a graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 10 min at each 
concentration. Samples from the 100% acetone step were brought to room 
temperature before placing them in fresh 100% acetone. Samples were then 
subjected to critical-point drying with liquid CO2 (CPD 300, Leica). Dried samples 
were covered with a gold/palladium (80/20) film by sputter coating (SCD 500, Bal-
Tec) before examination in a field emission scanning electron microscope (Zeiss 
Merlin) using the Everhart Thornley HESE2–detector and the inlens SE–detector in 
a 25:75 ratio at an acceleration voltage of 5 kV.  
 
Physiological tests 
Strain KOR34T was grown in M1H NAG ASW medium to early stationary phase and 
glass tubes were inoculated 1:10. Growth at temperatures of 10, 15, 20, 22, 24, 27, 
30, 33, 36, 40°C respectively was determined by OD600 measurements in triplicates. 
M1H NAG ASW medium buffered to pH 5 – 9.5 in 0.5 steps at 100 mM final 
concentrations with MES, HEPES, HEPPS or CHES buffers was used to determine 
the pH optima. Due to the growth properties of strain KOR42T (growth in flakes), this 
isolate was grown for 14 days and tubes were photographed to determine the 
temperature and pH optimum by visual inspection (10°C omitted since no growth 
could be observed). Final determination of optimal growth conditions was achieved 
by analyzing resulting growth curves and calculating growth rates (Figure S2). 
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Catalase activity was determined by reaction of fresh cell material with 3% H2O2 
solution, resulting in the release of oxygen (catalase-positive organisms) or in no 
observed reaction. Cytochrome oxidase activity was determined using Bactident® 
Oxidase test stripes (Merck Millipore, Darmstadt, Germany) following the 
manufacturer’s instructions. Substrate utilization of strains KOR34T and KOR42T was 
determined using the Biolog GN2 MicroLog™ test panel for Gram-negative bacteria. 
Sterile glass tubes were prepared in duplicates with a basic sterile medium mixture 
containing 14.2 mL IF-0a inoculation fluid (Biolog), 1.6 mL of a 10x salt solution [167], 
160 µL 1M HEPES buffer (pH 8.0), 80 µL double concentrated vitamin solution and 
16 µL trace element solution. Tubes were inoculated with bacterial colony material 
to a turbidity of 50 - 60%. Two individual substrate plates were inoculated with a cell 
suspension turbidity of ~55%. To enable the comparison of utilization values, the 
data of each single experiment were normalized to 100. Only values corresponding 
to > 25% utilization were considered positive. A heat map graphic was obtained in 
the R environment [168] by using the heatmap.2 function of the gplots package. 
 
Cellular fatty acid analysis 
Biomass of the isolated strains was obtained from liquid cultures grown in M1H NAG 
ASW medium at the strains’ corresponding optimum growth temperature until 
stationary phase. 30 mg of lyophilized biomass was analyzed by the Identification 
Service of the German Collection of Microorganisms and Cell Cultures (DSMZ) 
according to the standard protocols of the facility [122-124]. 
 
Genome sequencing and analysis 
Genomes were sequenced as previously described [162]. In detail,long read 
genome assembly was performed using the RS_HGAP_Assembly.3 protocol SMRT 
Portal version 2.3.0 applying standard parameters with exception of strain FF011L, 
which has been assembled earlier with RS_HGAP_Assembly.3 in SMRT Portal 
version 2.2.0. Per strain, one final contig could be obtained, which was error-
corrected using all Illumina reads using BWA [104] and subsequent variant and 
consensus calling using CLC Genomics Workbench 7.03 (http://www.clcbio.com). 
Finally, the error-corrected consensus sequence was trimmed, circularized and 
adjusted to dnaA as the first gene. Genome finishing quality is estimated to be at 
99.9999% (QV 60) confirmed by final PacBio Resequencing. 
For strains KOR34T and KOR42T, both types of sequencing reads, adapter clipping 
and read trimming was done with Trimmomatic v0.35 [169]. For the mate-pair data, 
virtual read libraries of paired-end and mate-pair reads were created previously with 
NxTrim v160227 [170]. After adapter removal, FastQ Screen v0.4.4 [171] was 
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employed to filter the data sets for contaminations and reads of low complexity were 
discarded with PRINSEQ lite v 0.20.4 [172]. Subsequently, overlapping paired-end 
reads were merged using FLASH v1.2.11 [173]. 
The processed reads were assembled with SPAdes v3.7.0 [174]. A subsequent 
scaffolding step of the pre-assembled contigs was applied by reusing the paired-end 
and mate-pair data with SSPACE [175] followed by an approach to close the formed 
gaps with Sealer [176]. The size of the last remaining gap was determined by an 
overspanning PCR.  
The gained consensus sequences of all five strains were trimmed, circularized and 
adjusted to dnaA as the first gene. Finally, genome annotation was performed using 
PROKKA 1.11 [107].  
Complete genome sequences of KOR34T and KOR42T have been submitted to NCBI 
GenBank and will be distributed from the authors by request. For secondary 
metabolite cluster analysis, genome sequences of KOR34T and KOR42T were 
analyzed using the antiSMASH web tool (version 5.0 beta) with default settings [117]. 
Genbank files were uploaded and information about predicted clusters were 
extracted from the online results section. 
 
Microbial community analysis 
DNA from P. oceanica biofilms and water filters was extracted using the 
PowerBiofilm® DNA Isolation Kit (MoBio Laboratories, Dianova, Hamburg, 
Germany) following the manufacturers protocol with a few exceptions. Incubation at 
37°C in buffer B1 was increased to an overnight step. Incubation at 55°C was 
increased to 30 min. Incubation at 4°C was increased to 20 min. Bead beating was 
performed in a FastPrep®-24 instrument (MP Biomedicals, Santa Ana, CA, USA) at 
5.5 m/s, 30 s. DNA was eluted in 100 µL BF7 buffer and stored at -20°C until further 
processing. Genomic DNA extracted from water filters and seagrass biofilms was 
amplified with the illustra™ GenomiPhi™ V3 DNA Amplification Kit (GE Healthcare) 
[177] following the general recommendations of the manufacturer. For one single 
amplification reaction (20 µL total volume), 1 ng of genomic DNA was used. To 
reduce remaining stochastic amplification bias, three independent reactions per filter 
were pooled. Amplification reactions were performed in a thermal cycler (Veriti 96-
Well, Applied Biosystems). MDA amplified gDNA was stored at -20°C until further 
processing. Amplification of the variable region 3 (V3) of the 16S ribosomal RNA 
gene was performed using two subsequent PCR amplifications. The first protocol 
was used to enrich the V3 region of MDA DNA obtained from water filters and plant 
biofilms. In this protocol, universal forward primer 341f (5'- CCT ACG GGW GGC 
WGC AG-3') and the reverse primer uni515r (5'- CCG CGG CTG CTG GCA C-3') 
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(modified from 518r) [163] were used. The second PCR protocol was then performed 
with extended V3 region primers V3F (5’- AAT GAT ACG GCG ACC ACC GAG ATC 
TAC ACT CTT TCC CTA CAC GCT CTT CCG ATC TCC TAC GGG WGG CWG 
CAG -3’) and indexed V3R primers (5’- CAA GCA GAA GAC GGC ATA CGA GAT 
XXX XXX GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TCC GCG GCT 
GCT GGC AC -3’) (modified from Bartram, et al. [2011]).The first PCR consisted of 
an initial denaturation step at 94°C, 5 min, followed by 10 cycles of denaturation at 
94°C, 1 min, annealing at 63°C, 1 min, elongation at 72°C, 1 min and a final 
elongation step at 72°C, 10 minutes. Three independent preamplification reactions 
were pooled and stored at 4°C until further processing. in the second PCR an initial 
denaturation step at 98°C 5 min, was followed by 10 cycles of denaturation at 98°C, 
1 min, annealing at 65°C, 1 min, elongation at 72°C, 1 min and a final elongation 
step at 72°C, 5 minutes. To reduce stochastic amplification bias, three independent 
amplifications were performed. Reads of V3 amplicons obtained from Illumina 
multiplex sequencing (MiSeq® Analyzer) were quality trimmed using the tool 
Trimmomatic [169]. The trimmed sequences were then filtered for those starting with 
the forward and ending with the reverse primer and subsequently checked for 
chimera using the UCHIME algorithm [179]. Nonchimeric sequences were further 
processed by clipping the forward and the reverse primer sequences and applying a 
length filter for sequences between 120 and 167 bp. Sequences below or above this 
cut-off were found to be chimeric sequences that were not detected by the UCHIME 
algorithm. Taxonomic classification diversity analyses  of the processed sequences 
was performed using QIIME [180]. Operational taxonomic units (OTUs) were 
generated with UCLUST, applying a 97% identity threshold [181]. Reference for OTU 
clustering and taxonomic classification was the SILVA database, version 123 [182, 
183]. 
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Results and Discussion 
Chapter 3A  
Biofilm morphology and bacterial community analyses 
Posidonia oceanica leaves from the seagrass meadows in Corsica are 
macroscopically different (Figure 1). While young leaves are smooth, showing little 
to no visible colonization, aged leaves are rough and heavily colonizing by all sorts 
of organisms (Figure 1). 
 
 
Figure 1 | Map of the sampling area and distribution of seagrass meadows (depicted in 
green) in the western Mediterranean Sea and in detail around the shoreline of Corsica. 
The sampling point at STARESO diving station is marked in light green. The photograph 
shows the seagrass in the sampling area. 
 
 
Ignoring macroscopic epiphytes that were already addressed in detail before [184, 
185], we applied scanning electron microscopy to focus on the microbial biofilm. We 
found that young leaves were mainly colonized by bacteria (Figure 2 A+B), while 
aged leaves were colonized by diatoms and other protists in addition (Figure 2C+D). 
Colonization of P. oceanica with diatoms, including members of the genus 
Cocconeis, was previously reported [143, 186]. Morphologically, the observed 
diatoms might very well belong to the genus Cocconeis (Figure 2 C). However, 
Cocooneis species were previously described as fast colonizers on Zostera noltii 
seagrass [187], while they appear to be late-colonizers in our study as they were 
almost exclusively found on old leaves. At higher magnification (Figure 2 B+D), 
details in the morphology of bacteria becomes visible and planctomycetal cells can 
be identified (Figure 2 B+D, white arrowheads).  
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Figure 2 | Scanning electron micrographs of microorganisms belonging to young and 
aged Posidonia oceanica leaf biofilms. Overview images show the morphological 
differences between young (A) and aged (C) leaf epiphytic biofilm communities. While young 
leaves are colonized primarily with bacteria aged leaves showing massive colonization with 
diatoms (C, white asterisks). Areas indicated in overview images A and C by white squares 
are shown at higher magnification in pictures B and D.  Cells showing planctomycetes-like 
morphology at young (B) and aged (D) P. oceanica leaves are marked with arrows. Scale bar 
indicates 6 µm. 
 
 
This is possible as many planctomycetal cells combine a pear shaped appearance 
in the µm-range with fiber formation and multiplication through polar budding, a 
combination pretty unique among bacteria and easy to distinguish from yeast (for 
review see Wiegand, et al. [2018]). However, applying these criteria to determine the 
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exact amount of Planctomycetes on P. oceanica leaves would fall short as some 
planctomycetal species divide by binary fission or display different cell shapes (for 
review see Wiegand, et al. [2018]). Applying such morphological criteria on a larger 
SEM micrograph (Figure S1) revealed that a large proportion of the cells resemble 
morphological features similar to Planctomycetes. Thus, cells of planctomycetal 
morphology appear to be major players in P. oceanica leaf biofilms based on SEM 
analysis. Furthermore, they form frequently ‘micro-colonies’ (Figure 2A+B), patches 
of cells with very similar shape and division via polar budding. This finding is 
surprising as Planctomycetes divide rather slow and one would expect that they 
show a patchier distribution in natural biofilms as faster-growing competitors would 
hardly leaf them the time to form such ‘micro-colonies’. Hence, our observation might 
further support the hypothesis that small molecules such as the recently discovered 
biofilm scaping stileriacinces [161] are utilized by Planctomycetes to gain a growth 
advantage on competitive marine surfaces such as P. oceanica leaves [32].  
To analyze the P. oceanica leaf bacterial community composition further, amplicons 
from the variable region 3 of the 16S rRNA gene were constructed and sequenced. 
22,887 sequences were obtained from young and 26,429 sequences from old 
leaves. To compare the P. oceanica leaf microbiome with the surrounding water, 
28,118 sequences were gained from the filtered water sample. The number of 
operational taxonomic units (OTUs) of young and old leaves were 551 and 611 
respectively. The surrounding seawater yielded 489 OTUs (Table S1). While all three 
OTU values are roughly within the same range, a slight tendency towards more 
species richness in biofilms versus surrounding water becomes visible, while old 
leaves have more OTUs. This tendency is supported by calculating the alpha 
diversity as measure of biodiversity (species richness): old leaf biofilms display the 
highest diversity, biofilms from young leaves are less rich in species while the 
surrounding water shows the lowest biodiversity. This points towards the importance 
of P. oceanica meadows for bacterial diversity and thus, stability of the ecosystem 
and towards marine surfaces as hotspots for bacterial interspecies interactions.  
Classification of the datasets on phylum level revealed that biofilms of both, young 
and old leaves were dominated by Planctomycetes. 85% and 83% of the obtained 
sequences were of planctomycetal origin (Figure 3). This is the highest abundance 
of Planctomycetes measured in nature thus far [58], (for review, see Wiegand, et al. 
[2018]). Other major players in young and old leaf biofilms were Proteobacteria 
(~12%/9%) and Verrucomicrobia (2%/5%). In contrast, the surrounding water was 
dominated by Proteobacteria (63%), Cyanobacteria (16%) Bacteroidetes (16%) and 
with Planctomycetes accounting only for 1.3% of the sequences (Figure 3).   
 
Chapter 3A 
 
57 
 
 
Figure 3 | Amplicon based bacterial community profiles of young and old Posidonia 
oceanica leaf biofilms and surrounding water. Both biofilms, on young and old leaves, are 
dominated by Planctomycetes (yellow) with >80%. A detailed photo is shown for the young 
and old leaf, showing macroscopic differences. The surrounding water showed lower 
abundance of Planctomycetes (<2% of the community) and was dominated by Proteobacteria 
with >60% of the total community. 
 
 
The highest abundance of Planctomycetes in marine biofilms reported thus far is 
70% of the bacterial community on the macroalgae Ecklonia radiata in Australia [32]. 
The second highest abundance (56%) was found in biofilms of the macroalgae 
Laminaria hyperborea [58]. Both values indicate that a natural abundance of 
Planctomycetes of more than 80% is imaginable. In addition, the experimental 
design (pools of young and old leaves from different plants as biofilm source and two 
independent experiments) suggest that DNA extraction or amplification artefacts are 
unlikely to explain the measured values. Furthermore, also our analysis of Biofilm 
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SEM micrographs show a high abundance of cells that possibly represent 
Planctomycetes. However, in case of biofilms from the macroalgae Laminaria 
hyperborea for example, seasonal dynamics, macrofouling and other factors strongly 
influence the bacterial community composition of these biofilms and Planctomycetes 
did not show such high abundances all the time [188, 189]. In addition, analysis of 
marine macroalgal biofilms have shown that Planctomycetes are almost always 
present, albeit not always the dominant fraction of bacteria communities [165, 190]. 
Metagenomic analysis of the giant kelp Macrocystis pyrifera reveled for example, 
that the bacterial biofilm community comprised predominantly of Proteobacteria and 
Bacteroidetes, with Planctomycetes as lower, but still substantial community fraction 
of 4% [191]. In sum, we showed that Planctomycetes can account for more than 80% 
of the bacterial species in P. oceanica leaf biofilms. Despite our snapshot type of 
study, Planctomycetes seem to be important players in this habitat.   
Taken together, while the endophytic root microbiome and mycobiome has been 
investigated extensively [146-149], too our knowledge, this is the first morphological 
– and amplicon-based analysis of the Posidonia oceanica leaf microbiome. The 
surprising result -that Planctomycetes dominate this habitat by far- calls for future 
investigations with additional dimensions in time and space. 
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Chapter 3B 
Isolation and characterization of novel planctomycetal strains from 
the Posidonia oceanica leaf microbiome 
Isolation and phylogenetic analysis 
Basic isolation and characterization aspects of P. oceanica associated 
Planctomycetes have been described as part of a comprehensive study covering all 
sorts of habitats and yielding in total more than 70 novel planctomycetal species 
[162]. The general concept of the enrichment strategy was presented before as well 
[161]. In brief, a stringent cultivation approach with N-acetyl-D-glucosamine (NAG) 
as sole carbon and nitrogen source combined with the use of an antibiotic mixture 
and gellan gum as solidifying agent was employed to selectively enrich 
planctomycetal bacteria from young and old Posidonia oceanica leaves. Aspects 
specific for this study: swapping seagrass blades over petri dishes with solid medium 
was most efficient, with first colonies visible after 7 days and more after 4 months of 
incubation. In total, ~85 colonies met our screening criteria (Material and Methods: 
Isolation and Cultivation) and were further processed. 85% of the obtained colonies 
belonged to the phylum Planctomycetes, demonstrating the power of our enrichment 
and screening process. The other 15% were mostly Sphingopyxis and Erythrobacter 
related strains. Interestingly, most if not all these strains originated from colonies that 
were harvested after ~20 days of incubation, indicating that the time window for 
future cultivation attempts targeting Planctomycetes from comparable habitats might 
best focus on colonies that appear after 1-4 month. Among the obtained 
Planctomycetes, the well-known genera Blastopirellula (representing 22% of the 
analyzed sequences obtained from biofilm samples on young and 27% on aged 
seagrass leaves) and Rhodopirellula (representing of the sequences obtained from 
young 9% and 25% from aged leaf biofilms) were most frequent. However, two 
strains, KOR34T and KOR42T, were identified as phylogenetically most distant from 
all known Planctomycetes and thus selected for detailed analysis. Both, KOR34T and 
KOR42T were isolated from old seagrass leaves while in total ~50% of isolates 
originated from young leaves as well. Thus, the higher biodiversity among 
Planctomycetes form old leaves determined by amplicon analysis fits nicely the 
results of our cultivation approach. To determine the precise phylogenetic position 
of the two novel strains, phylogenetic tree reconstruction was performed (Figure 4). 
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Figure 4 | Maximum likelihood 16S rRNA gene-based phylogenetic tree. Both, KOR34T 
and KOR42T belong to the family Planctomycetaceae and represent two novel genera. Scale 
bar indicates 10% estimated sequence divergence. 
 
KOR34T and KOR42T share only 91.4% and 92.7% of 16S rRNA gene sequence 
identity with their closest related type strains, Bythopirellula goksoyri Pr1DT and 
Planctomicrobium piriforme P3T respectively. Based on the 16S sequence identities 
thresholds recently established for 16S rRNA gene identity comparison [192], we 
propose that the mentioned bacterial strains represent two novel genera within the 
phylum Planctomycetes, order Planctomycea, class Planctomycetales and family 
Planctomycetaceae. 
Morphological analysis 
Strains KOR34T and KOR42T form cream colored colonies with a smooth surface.  
KOR34T cells are ovoid to egg-shaped (Figure 5A-D), divide by polar budding (Figure 
5A) and form multicellular rosettes and aggregates (Figure 5B+D). The average cell 
size is 1.39 x 1.08 µm. KOR42Tcells in contrast are of spherical shape (Figure 5E-
H) but divide by polar budding as well (Figure 5E). Multicellular rosettes, chains of 
single cells and aggregates were observed (Figure 5F). This type of chain formation 
is rather unique for Planctomycetes and was previously only described for 
Isosphaera pallida [73]. However, KOR42T forms such chains only occasionally, 
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while Isosphaera pallida always forms chains [73]. The average cell size of KOR42T 
is 1.65 ± 0.24 µm.  
 
 
Figure 5 | Morphology of strain KOR34T and KOR42T observed with phase-contrast 
(Phaco) and scanning electron microscopy (SEM). Cells of KOR34T were egg- or pear- 
shaped with one pole bigger than the other (A+C). Cells were interconnected and formed 
rosettes or larger aggregates (B+D). Cells of KOR42T were of spherical morphology (H) 
and formed chains and aggregates (F, G). Cells divided by budding (G, white arrowheads) 
and were interconnected (G, white asterisk). Scale bar, 1 µm 
 
 
Cells with the morphotypes of both strains were visible in SEM micrographs of P. 
oceanica leaf biofilms (Figure 2). In particular round and budding cells (Figure 2 B, 
left white arrowhead) appear like cells from strain KOR42T. 
 
Physiological analysis 
KOR34T grew between 20-36°C with an optimum at 33°C (Figure S2 A). pH was 
tolerated between 6.5 and 8.5 with an optimum at 7.5 (Figure S2 A). Fatty acid 
analysis revealed C18:1 ω9c as the major component, accounting for 45.8% of fatty 
acids detected. 
KOR42T grew between 22-36°C with an optimum at 33°C. Interestingly, for survival, 
KOR42T required a larger headspace during cultivation compared to all other aerobic 
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Planctomycetes that we recently obtained [162]. In addition, KOR42T growth in flake-
like aggregates when incubated in M1H NAG ASW medium at temperatures from 22 
to 27°C (Figure S3 A). However, a homogenous culture was observed at 
temperatures of 30, 33 or 36°C. (Figure S3 A). Both, aggregated and homogenous 
cultures contained intact cells, which divided by budding (data not shown). Known  
aggregate formation inducing effectors such as increase of oxygen concentration 
[193], addition of  autoinducer 2 [194] or stress-inducing conditions [195, 196] were 
not applied in our study, leaving the trigger enigmatic. Strain KOR42T tolerates pH 
values between 6.5 and 8.5 with an optimum at 7.5 (Figure S3 B). Fatty acid analysis 
revealed C16:0 as the major component, accounting for 42.3% of fatty acids detected 
(Table 1).  
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Table 1 | Characteristics and features of novel Planctomycetes isolated from 
seagrass leaves. 
Characteristic KOR34T KOR42T 
Arrangement of cells 
Rosettes and 
aggregates 
Rosettes, chains and 
aggregates 
Cell size [µm] 1.39 x 1.08 1.65 ± 0.24 
Cell shape egg-like round, spherical 
Isolation source 
Posidonia oceanica 
biofilm 
Posidonia oceanica 
biofilm 
Colony color cream cream 
Respiration aerobic aerobic 
Oxidase activity + + 
Catalase activity + + 
Temperature growth range [°C] 20-36 22-36 
Temperature optimum [°C] 33 33 
pH growth range 6.5 – 8.5 5.5 – 8.5 
pH optimum 7.5 7.0 -7.5 
Major fatty acid component [%] 
C18:1 ω9c 
(45.8) 
C16:0 
(42.3) 
 
Both, KOR34T and KOR42T were cytochrome oxidase and catalase positive and 
when grown on solid medium. They utilize a variety of sugars or sugar acids including 
dextrin (only KOR34T), glycogen (only KOR34T), N-acetyl-galactosamine, N-acetyl-
glucosamine, arabinose, cellobiose, fructose, fucose, galactose, gentiobiose, 
lactose, lactulose, maltose, mannose, mellibiose, ß-methyl-glycoside, rhamnose, 
sucrose, trehalose, turanose, pyruvic acid methyl ester (only KOR34T), succinic acid 
mono-methyl-ester, galacturonic acid (only KOR34T), glucuronic acid (only KOR34T), 
lactic acid (only KOR34T), glutamic acid (only KOR34T), glucuronamide (only 
KOR42T) and glycerol (only KOR34T). These carbon utilization patterns are 
summarized in Figure 6. 
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Figure 6 | Heat map of substrate utilization patterns of strains KOR34T and KOR42T. 
Two biological replicates were performed using the MicroLog GN2 substrate plates. Both 
strains utilized a variety of sugar substrates and KOR34T utilized a few sugar acids not 
converted by KOR42T. Color scale shows substrate usage in percent utilization. Values < 25% 
were below threshold and evaluated as negative. 
 
 
Glucose, galactose, and mannose are utilized by both strains. These are among the 
main sugars of Posidonia australica [197]. In addition, like terrestrial plants, 
Posidonia cell walls contain high proportions of cellulose, up to 200 grams per 
kilogram dry mass. Interestingly, both isolates could utilize cellobiose, a dimeric 
sugar composed of two glucose molecules that can be obtained by hydrolysis of 
cellulose. Cellulolytic activities were reported for the planctomycete Telmatocola 
sphagniphila [198] and peat-inhabiting planctomycetes are possibly involved in the 
degradation of Sphagnum-derived litter [199], which is mainly constituted of cellulose 
[200]. However, it remains unclear if utilization of cellobiose is indicative for the 
capability of the two strains to degrade cellulose itself.  
 
Genome analysis 
The 6,765,537 bp circular genome of KOR34T contains 5,344 genes of which 5,247 
are protein-coding. The molar G+C content is 66.66% (Table 2). The 6,734,412 bp 
circular genome of KOR42T contains 5,584 genes of which 5,508 are protein-coding. 
The molar G+C content is 52.75% (Table 2). This is about average for 
planctomycetal genomes [162]. 
 
Table 2 | Basic genome information of strains KOR34T and KOR42T. 
  Kor34
T Kor42T 
Size (bp) 6,765,537 6,734,412 
GC content (%) 66.66 52.75 
annotated genes 5,344 5,584 
protein-coding genes 5,247 5,508 
 
Given the surprising abundance of Planctomycetes in the bacterial community of P. 
oceanica leaf biofilms, our hypothesis of planctomycetal antibiotic production to 
dominate competitive habitats appears tempting to address (see Wiegand, et al. 
[2018] for details). How should the slow growing strains KOR34T (growth rate 0.024 
h-1) and KOR42T () compete against faster growing bacteria such as members of the 
Roseobacter clade [201] on marine surfaces? Therefore, we performed an 
antiSMASH analysis of the genomes from both strains as such studies provided 
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evidence for planctomycetal small molecule production in the past [36, 202]. The 
genome of KOR34 T harbors six gene clusters, which encode enzymes putatively 
involved in the biosynthesis of secondary metabolites. Three of them appear to be 
related to the formation of terpenoids. The other three clusters are putatively involved 
in the formation of polyketides, non-ribosomal peptides or other amino acid-derived 
compounds. KOR42T harbors altogether five putative clusters in its genome, four of 
which might be involved in terpenoid biosynthesis. The remaining cluster harbors a 
gene coding for a putative type III polyketide synthase (locus KOR_21030). A gene 
with the same annotation and comparable length of the polypeptide chain was also 
identified in KOR34T (locus KOR34_06730). As these two are the only polyketide 
synthase-encoding genes identified by antiSMASH in the two genomes, one might 
speculate that both could have a similar function. However, both enzymes only show 
a sequence identity of 39% (similarity of 69%) of the amino acid sequences. This 
example shows that it is particularly difficult to draw conclusions on the gene function 
only based on structural similarities of the involved enzymes. In a more general view, 
it is hardly possible to predict the product formed by polyketide synthases or non-
ribosomal peptide synthetases as these types of enzymes convert a very limited set 
of precursor metabolites, e.g. acetyl-CoA, malonyl-CoA or amino acids, to an 
impressive diversity of compounds known today. In that light, in silico analyses only 
allow for a very limited overview on the actual potential of a microorganisms 
regarding secondary metabolite production. At this stage, it should also be taken into 
consideration that Planctomycetes might even follow yet unexplored pathways to 
produce novel compound classes. These compounds probably escaped the 
antiSMASH prediction as the underlying algorithm is “trained” to the well-investigated 
compound classes, for which enough experimental data is available. Since 
planctomycetal genomes are in particularly rich in giant genes [155, 203], such 
genes might be involved in an entirely novel way of small molecule assembly line 
[162]. However, further analysis beyond the scope of this study are required to study 
the planctomycetal bacterial interspecies interactions on P. oceanica leaves. All 
predicted clusters are summarized in Table 3. 
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Table 3 | Gene clusters putatively involved in the biosynthesis of secondary 
metabolites in KOR34T and KOR42T predicted by antiSMASH  
  
Locus tag Putative annotation 
Kor34T  
cluster 1 - polyketide  
KOR34_06730 type III polyketide synthase 
cluster 2 - terpenoid  
KOR34_14530 ferredoxin family protein 
KOR34_14540 radical SAM protein 
KOR34_14550 polyprenyl synthetase 
KOR34_14560 
prenyltransferase and squalene 
oxidase repeat protein 
KOR34_14570 squalene--hopene cyclase 
cluster 3 - terpenoid  
KOR34_18720 pentalenene oxygenase 
cluster 4 - mixed polyketide/ nonribosomal peptide 
KOR34_27310 nonribosomal peptide synthetase 
KOR34_27320 oxidoreductase 
KOR34_27330 nonribosomal peptide synthetase 
cluster 5 - amino acid-derived compound  
KOR34_39200 aminotransferase class I/II 
cluster 6 - terpenoid  
KOR34_50450 oxidoreductase 
KOR34_50460 hypothetical protein 
KOR34_50470 squalene--hopene cyclase 
Kor42T  
cluster 1 - terpenoid  
KOR42_04850 squalene synthase 
cluster 2 - terpenoid  
KOR42_08130 squalene--hopene cyclase 
cluster 3 - terpenoid  
KOR42_18540 squalene--hopene cyclase 
KOR42_18550 polyprenyl synthetase 
cluster 4 - polyketide  
KOR42_21030 type III polyketide synthase 
cluster 5 - terpenoid  
KOR42_26350 
squalene/phytoene synthase 
family protein 
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Conclusion 
In this study, we employed electron microscopy and amplicon analysis, focusing on 
the epiphytic bacterial community composition of Posidonia oceanica leaves. We 
revealed Planctomycetes as major bacterial fraction (>80%), while the surrounding 
seawater was dominated by Proteobacteria and Bacteroidetes. In addition, we 
obtained two novel strains of Planctomycetes in pure culture and described them in 
a polyphasic approach, including genome analysis. Since our findings only portrait a 
snapshot of the epiphytic bacteria community of P. oceanica, it would be interesting 
to monitor this community more frequently to not understand its potential role in P. 
oceania meadow development. However, this extremely high abundance of slow-
growing Planctomycetes is a further evidence for their ability to manipulate their 
surrounding by means of small molecules, like the biofilms scaping hypothesis 
recently presented [161]. 
 
Description of Posidonibacter gen. nov.  
Posidonibacter (Po.si.do.ni N.L. fem. n. Posidonella dem. of Posidonia; N.L. Msc: 
bacter, bacterium; a bacterium isolated from the seaweed Posidonia oceanica) 
Cells are egg- or pear-shaped and form multicellular rosettes and aggregates. No 
chain or spore formation was observed. During exponential growth phase, most cells 
are highly motile. Cells divide by polar budding. Organisms display mesophilic 
growth properties. The predominant cellular fatty acid of the type species is C18:1 
ω9c. Members belong to the phylum Planctomycetes, class Planctomycea, order 
Planctomycetales, family Planctomycetaceae. The type species of the genus is 
Posidinibacter corsicana. 
 
Description of Posidonibacter corsicana sp. nov. 
Posidonibacter corsicana (cor.si.ca’na. L. fem. adj. corsicana Corsican; 
corresponding to origin of the strain from the Mediterranean island Corsica) 
Exhibits the following properties in addition to those given for the genus. Strain 
KOR34T growth aerobically, colonies are cream colored and have a smooth surface. 
Cells are 1.39 x 1.08 µm in size and react positive for cytochrome oxidase and show 
catalase activity. Growth at temperatures between 20-36°C with an optimum at 33°C. 
Optimum pH is 7.5, with a tolerance from 6.5 to 8.5. Utilizes a variety of sugar 
substrates and carboxy acids and grows with solely N-acetyl-D-glucosamine. Prefers 
gellan gum over agar as solidifier in media. The G+C content of the DNA is 66.66 
mol%. The type strain is KOR34T (= DSM 104303) and was isolated from the 
epiphytic biofilm community of Posidonia oceanica. 
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Description of Thalassaglobus 
Thalassaglobus (Tha.las.sa.glo’bus N.L. fem. n. Thalassa dem. of Gr. thalassa the 
Mediterranean Sea; L. masc. n. globus sphere; a bacterium isolated from the 
Mediterranean Sea)  
Cells are spherical and form rosettes and aggregates. Chain formation, but neither 
spore formation nor motility was observed. Cells divide by budding and members 
display mesophilic growth properties. The predominant cellular fatty acid of the type 
species is C16:0. Members belong to the phylum Planctomycetes, class 
Planctomycea, order Planctomycetales, family Planctomycetaceae. The type 
species of the genus is Posidonella corsicana. 
Description of Thalassaglobus neptunia sp. nov. 
Thalassaglobus neptunia (nep.tu’ni.a. N.L. fem. adj. neptunia of Neptune; 
corresponding to the origin of the strain from the Neptune grass Posidonia oceanica) 
Exhibits the following properties in addition to those given for the genus. Growth 
aerobically while colonies are cream colored and have a smooth surface. Cells are 
1.65 ± 0.24 µm in size and react positive for cytochrome oxidase and show catalase 
activity. Growth at temperatures between 22 – 36°C with an optimum at 33°C. 
Optimum pH is between 7.0 and 7.5, with a tolerance from 5.5 to 8.5. Utilizes a 
variety of sugar substrates and carboxy acids and grows with solely N-acetyl-D-
glucosamine. Prefers gellan gum over agar as solidifier in media. The G+C content 
of the DNA is 52.75 mol%. The type strain is KOR42T (= DSM 104081 = LMG 29823) 
and was isolated from the epiphytic biofilm community of Posidonia oceanica. 
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Supporting Information 
Table S 1 | Number of sequences, operating taxonomic units (OTUs) and 
diversity indices of V3 16S rRNA amplicons. 
Sample 
description 
No. 
Sequences 
(All Bacteria) 
No. 
OTUs 
chao1 shannon simpson % Planctomycetes 
Biofilm 
(young 
seagrass) 
22,887 551 583.56 5.9 0.95 85.4 
Biofilm 
(aged 
seagrass) 
26,429 611 645.61 6.45 0.97 83.2 
Water 
sample 
28,118 489 508 5.36 0.94 1.3 
 
 
Figure S 1 | Scanning electron micrograph of the biofilm on a young P. oceanica leaf. 
Microcolonies of cells with planctomycetal morphology are spread over the biofilm. Bar: 6 µm 
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Figure S2 | Temperature (A) and pH  growth optima (B) of strain Kor34T. The optical 
density was measured at 600 nm and growth rates were calculated and plotted against the 
corresponding pH or temperature values. 
 
 
 
Figure S3 | Temperature (A) and pH  growth optima (B) of strain Kor42T. Measurement 
of the optical density was not possible due to extreme aggregate formation of the strain. 
Chapter 3B 
72 
 
  
Chapter 4 
 
73 
 
Chapter 4 
 
Planctopirus ephydatiae, a novel Planctomycete isolated from a 
freshwater sponge 
 
Kohn T.1, Wiegand S.1, Boedeker C.2, Rast P.2, Heuer A.2, Schüler M.5, Rohde C.2, 
Müller R.-W.4, Brümmer F.4, Jetten M. S. M.1, Rohde M.3, Engelhardt H.5, Jogler 
M.2*and Jogler C.1* 
 
1 Department of Microbiology, Radboud University, Nijmegen, Netherlands 
2 Leibniz-Institut Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany 
3 Central Facility for Microscopy, Helmholtz-Centre for Infection Research (HZI), Braunschweig, 
Germany 
4 Institute of Biomaterials and biomolecular Systems, University of Stuttgart, Germany 
5 Department of Molecular Structural Biology, Max Planck Institute of Biochemistry, Martinsried, 
Germany. 
 
* Correspondence regarding Planctomycetes: Christian@Jogler.de  
   correspondence regarding sponge microbiome: Mareike@Jogler.de 
 
 
submitted Manuscript: Systematic and Applied Microbiology, Submission no: SYAPM_2019_208 
 
  
Chapter 4 
74 
 
Abstract 
The microbiome of freshwater sponges is rarely studied and not a single novel 
bacterial species has been isolated and subsequently characterized from a 
freshwater sponge to date. One of the few studies on the bacterial population of 
these sponges revealed that 14.4% of the microbiome from Ephydatia fluviatilis 
belongs to the phylum Planctomycetes. Therefore, we sampled an Ephydatia 
sponge from a freshwater lake and employed enrichment techniques targeting 
bacteria from the phylum Planctomycetes. The obtained strain spb1 was subject to 
genomic and phenomic characterization and found to represent a novel 
planctomycetal species proposed as Planctopirus ephydatiae sp. nov. (DSM 
106606). In the process of differentiating spb1T from its next relative Planctopirus 
limnophila DSM 3776T, we identified and characterized the first phage - PI-89 - 
infecting Planctomycetes that was previously mentioned only anecdotally. 
Interestingly, classical chemotaxonomic methods would have failed to distinguish 
Planctopirus ephydatiae strain spb1T from Planctopirus limnophila DSM 3776T. Our 
findings demonstrate and underpin the need for whole genome-based taxonomy to 
detect and differentiate planctomycetal species. 
 
Introduction 
Members of the phylum Planctomycetes are unique among bacteria in terms of their 
unusual cell biology [32, 51, 89, 204]. Cells comprise an enlarged periplasmic space 
that is thought to be involved in the breakdown of otherwise recalcitrant carbon 
compounds [51]. Furthermore, most described Planctomycetes divide via polar 
budding, employing a yet unknown molecular mechanism that does not rely on 
otherwise essential bacterial divisome proteins such as FtsZ [41]. Many species of 
the order Planctomycetales show a life cycle, switching between a planktonic 
flagellated swimmer and a sessile reproducing stage [54-56]. Planctomycetes are 
ubiquitous bacteria that dwell in various aquatic and terrestrial habitats [32]. They 
are predominantly found on all kinds of surfaces to which they can attach by means 
of holdfast structures [32]. In particular, Planctomycetes are abundant on marine 
surfaces where they can dominate bacterial biofilms, for example on clusters of 
polysaccharide-rich debris particles, so called marine snow [61], cyanobacterial 
aggregates [157] or macroalgae [58, 84]. To explain the high abundance of rather 
slow growing Planctomycetes in these competitive nutrient-rich habitats, the 
production of small (antibiotic) molecules was suggested [36, 160, 202]. Besides 
aquatic habitats, Planctomycetes are also present in the gut microbiome of 
mammals [205, 206], fish [207], shrimp [208] and soil-feeding termites [209] where 
they can represent a significant proportion of the bacterial community. In animals 
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without a digestive system, like tubeworms  [210], corals [211] or marine and 
freshwater sponges [212, 213], Planctomycetes can represent a major fraction of the 
microbiome as well. For example, 14.4% of the microbiota associated with the 
globally occurring freshwater-brackish sponge Ephydatia fluviatilis [214, 215] 
belongs to the Planctomycetes [216]. Also, Planctomycetes could be isolated from 
marine sponges and were characterized [60, 217, 218], but have not been validly 
described. 
Sponges form the phylum Porifera, are ancient multicellular animals (Metazoa) that 
lack a digestive tract as well as organs and a nervous system. They are, with few 
exceptions, sessile filter feeders [219, 220] with a body structure build around a 
system of water channels and chambers. The body structure consist of three 
different tissue-like layers, the pinacoderm (outside), the mesohyl (in-between) and 
the choanoderm (inside) [221]. Surrounding water, containing food particles like 
algae, bacteria, viruses and protists, enter the animals water channels through small 
pores (ostia) situated within the otherwise dense monolayer of cells forming the 
pinacoderm. Specialized collar-flagellated cells (choanocytes) actively drive the 
water influx. Besides establishing a steady water current, choanocytes do also 
capture the prey in reach. The prey particles are internalized by endocytosis and 
then digested or  transferred to the mesohyl, where they are engulfed by phagocytic 
amoebocytes [222]. Subsequently, near-sterile water, with up to 96% of microbial 
cells removed, [223] is released into the surrounding water through the osculum. In 
contrast to the pinaco- and choanoderm, the mesohyl is not a composed of a single 
layer of cells. In most species it is a matrix consisting of collagen and 
polysaccharides that harbors a bacterial community consisting of 105-1010 
microorganisms per gram sponge tissue [224, 225]. However, the ecological role of 
the largely uncultivated sponge microbiome remains mostly enigmatic [226]. 
However, there is growing evidence that the production of (toxic) small molecules, 
contributing to host defense, is its key function [227]. For instance, the uncultivated 
candidate genus Entotheonella of the candidate phylum Tectomicrobia dwells in 
marine sponges and produces novel small molecules with interesting chemistry and 
numerous unusual biological activities [226, 228]. Motivated by prospects of drug 
discovery, significant efforts have been made to obtain axenic cultures of small 
molecule-producing sponge symbionts, unfortunately, with limited success [222, 
226]. Most of the 8897 different sponge species known thus far appear in marine 
habitats, while only about 250 freshwater species are described [229-232]. Those 
are either endemic or ubiquitous [233] and belong to the single monophyletic order 
Spongilina [234]. Until now, only a few studies focused on bacteria related to these 
freshwater sponges and their potential in small molecule production [216, 235-241]. 
Even though different bacterial strains belonging to the phyla Actinobacteria and 
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Proteobacteria were isolated from freshwater sponges before, no strain has been 
characterized and validly described [240, 242-244]. Regarding occurrence of 
members of the phylum Planctomycetes in freshwater sponges we only know about 
their high abundance in the freshwater sponge E. fluviatilis [216]. 
In this study, we describe the novel species Planctopirus ephydatiae strain spb1T 
isolated from the freshwater sponge Ephydatia sp. and compare it to the close 
relative Planctopirus limnophila DSM 3776T by genomic and phenomic analyses. 
This comparative approach led to the identification of phage PI-89 from Planctopirus 
limnophila DSM 3776T that was also characterized. This study presents for the first 
time the detailed characterization of a novel bacterial species from a freshwater 
sponge. Furthermore, this is the first detailed report of a planctomycetal 
bacteriophage.   
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Materials and Methods 
Sampling  
Ephydatia sp. sponge samples were harvested at Lake Constance (47°46'12.6" N, 
9°08'18.1" E) on August 25th, 2015 via scientific scuba diving according to CMAS 
standards in 15.6 m water depth (Figure 1 a). The animal (Figure 1 b) was washed 
three times in sterile filtered lake water (Figure 1 c) and transferred to the laboratory 
in sterile filtered lake water at 4 °C. 
 
 
Figure 1 | Sampling location and sponge. Map showing the location of Lake Constance in 
the border region of Germany (DE), Switzerland (CH) and Austria (AT) a, the sampled 
Ephydatia sp. sponge in situ b and ex situ c. Bar 1 cm. 
 
Isolation and Cultivation 
A piece of the sponge was streaked on solid MM1 medium supplemented with N-
acetyl-D-glucosamine (NAG) at pH 7.0. Medium MM1 was prepared as previously 
described [159]. In brief the medium consists of artificial freshwater (0.00053 g/L 
NH4Cl, 0.0014 g/L KH2PO4, 0.010 g/L KNO3, 0.049 g/L MgSO4 . 7 H2O, 0.015 g/L 
CaCl2 . 2 H2O, 0.025 g/L CaCO3, and 0.025 g/L NaHCO3) complemented with 20 
ml/L mineral salt solution and 5 ml/L vitamin solution (double concentrated) and was 
buffered with 10 mM HEPES. Mineral salt solution was composed of 10 g/L 
nitrilotriacetic acid (NTA), 29.70 g/L MgSO4 . 7 H2O, 3.34 g/L CaCl2 . 2 H2O, 12.67 
mg/L Na2MoO4 . 2 H2O, 99 mg/L FeSO4 . 7 H2O and 50 ml/L metal salt sol. ‘44’. Metal 
salt sol. ‘44’ was composed of 250 mg/L Na-EDTA, 1.095 g/L ZnSO4 . 7 H2O, 0.5 g/L 
FeSO4 . 7 H2O, 154 mg/L MnSO4 . H2O, 39.20 mg/L CuSO4 . 5 H2O, 24.80 mg/L 
Co(NO3)2 . 6 H2O and 17.70 mg/L Na2B4O7 . 10 H2O. The vitamin solution was 
composed of 4 mg/L biotin, 4 mg/L folic acid, 20 mg/L pyridoxine-HCl, 10 mg/L 
riboflavin, 10 mg/L thiamine-HCl . 2 H2O, 10 mg/L nicotinamide, 10 mg/L D-Ca-
pentothenate, 0.2 mg/L vitamin B12 and 10 mg/L p-aminobenzoic acid. Solid medium 
Chapter 4 
78 
 
was prepared by adding 15 g/L of triple prewashed Bacto-agar (BD) to the medium. 
5 mg/L of N-acetyl-D-glucosamine (NAG) and vitamin solution were supplemented 
to the medium after autoclaving. Inoculated MM1 plates were incubated at 20 °C and 
periodically checked for colony formation. Samples from colonies were inspected by 
light microscopy for typical planctomycetal cell shapes and cell division via budding. 
Promising isolates were verified as Planctomycetes, employing a 16S rRNA gene 
targeting PCR, using the primer set 8f (5’–AGA GTT TGA TCM TGG CTC AG–3’) 
and 1492r (5’–GGY TAC CTT GTT ACG ACT T–3’) modified from [245]. PCR 
amplifications were performed employing a Veriti™ 96-Well Thermal Cycler (Applied 
Biosystems) applying the following conditions: initial denaturation at 94 °C for 5 min, 
followed by 10 cycles of denaturation at 94 °C for 30 s, annealing at 59 °C for 30 s 
and elongation at 72 °C for 60 s. These first 10 cycles were followed by 20 cycles of 
denaturation at 94 °C for 30 s, annealing at 54 °C for 30 s, elongation at 72 °C for 
60 s and a final elongation at 72 °C for 5 min. Amplification products were subject to 
16S rRNA gene sequencing and NCBI database comparison to identify novel strains. 
Based on this analysis, strain spb1 was confirmed to represent a Planctomycete. For 
further analyses, strain spb1T was cultivated employing V2 culture broth at pH 7.0. 
V2 was composed of medium MM1 supplemented with 0.25 g/L yeast extract, 0.25 
g/L peptone, 0.025 g/L glucose and 1 ml/L trace elements solution. Trace elements 
solution was composed of 1.5 g/L N(CH2COONa)3 . H2O, 500 mg/L MnSO4 . H2O, 
100 mg/L FeSO4 . 7 H2O, 100 mg/L Co(NO3)2 . 6 H2O, 100 mg/L ZnCl2, 50 mg/L NiCl2 
. 6 H2O, 50 mg/L H2SeO3, 10 mg/L CuSO4 . 5 H2O, 10 mg/L AlK(SO4)2 . 12 H2O, 10 
mg/L H3Bo3, 10 mg/L NaMoO4 . 2 H2O and 10 mg/L Na2WO4 . 2 H2O. 
 
Genome Analysis  
The analyzed genome of strain spb1T was published by Wiegand, et al. [2019] and 
is available from NCBI under GenBank accession number CP036299. Genomic 
islands were predicted and visualized employing IslandViewer 4 [246]. The average 
nucleotide identities (ANI) were determined using the software OrthoANI [247]. 
Genomes were further compared using the Genome-to-Genome distance calculator 
GGDC [248]. The genome of strain spb1 was analyzed towards its potential to 
produce secondary metabolites employing antiSMASH 4.0 [249]. The analysis of 
orthologous groups to determine proteins present in all compared genomes was 
done with ProteinOrtho [112]. 
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Phylogenetic analysis and tree reconstruction 
16S rRNA gene phylogeny was computed for strain spb1 (GenBank acc. no. 
MK559993), the type strains of all described planctomycetal species (May 2019) and 
all isolates recently published by Wiegand, et al. [2019]. The 16S rRNA gene 
sequences were aligned with SINA [166]. The phylogenetic analysis was done 
employing a maximum likelihood (ML) approach with 1,000 bootstraps, the 
nucleotide substitution model GTR, gamma distribution, estimation of proportion of 
invariable sites (GTRGAMMAI option) [121]. Three 16S rRNA genes of bacterial 
strains from the PVC superphylum served as outgroup. The rpoB nucleotide 
sequences were taken from the above mentioned as well as other publicly available 
genome annotations and the sequence identities were determined as described by 
Bondoso, et al. [2013] Upon extracting only those parts of the sequence that would 
have been sequenced with the described primer set the alignment and matrix 
calculation was done with Clustal Omega [251]. 
 
Light Microscopy 
Phase contrast (Phaco) analysis were performed using a Nikon Eclipse Ti inverted 
microscope with a Nikon N Plan Apochromat λ 100x/1.45 Oil objective and a Nikon 
DS-Ri2 camera. Cells were immobilized employing a 1% agarose cushion in MatTek 
glass bottom dishes (35 mm, No. 1.5). Images were analyzed using the Nikon NIS-
Elements software (Version V4.3). 
 
Electron Microscopy  
For field emission scanning electron microscopy (FESEM) bacteria were fixed with 
1% formaldehyde in HEPES buffer (3 mM HEPES, 0.3 mM CaCl2, 0.3 mM MgCl2, 
2.7 mM sucrose, pH 6.9) for 1 h on ice and washed one time employing the same 
buffer. Cover slips with a diameter of 12 mm were coated with a poly–L–lysine 
solution (Sigma–Aldrich) for 10 min, washed in distilled water and air–dried. Fifty 
microliters of the fixed bacteria solution were placed on a cover slip and allowed to 
settle for 10 min. Cover slips were then fixed in 1% glutaraldehyde in TE-buffer (20 
mM TRIS, 1 mM EDTA, pH 6.9) for 5 min at room temperature and subsequently 
washed twice with TE–buffer before dehydrating in a graded series of acetone (10, 
30, 50, 70, 90, and 100%) on ice for 10 min at each concentration. Samples from the 
100% acetone step were brought to room temperature before placing them in fresh 
100% acetone. Samples were then subjected to critical–point drying with liquid 
CO2 (CPD 300, Leica). Dried samples were covered with a gold/palladium (80/20) 
film by sputter coating (SCD 500, Bal–Tec) before examination in a field emission 
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scanning electron microscope (Zeiss Merlin) using the Everhart Thornley HESE2–
detector and the inlens SE–detector in a 25:75 ratio at an acceleration voltage of 5 
kV. TEM micrographs were taken after negative staining the cells with aqueous 0.1–
2% uranyl acetate, employing a Zeiss transmission electron microscope EM 910 at 
an acceleration voltage of 80 kV at calibrated magnification as previously described 
[99]. 
Cryo-electron tomography (CET) of P. limnophila cells was performed as previously 
described [51]. In brief, a late-exponential-phase culture was gently filtered (10 µm 
membrane filter, Whatman Nuclepore) to exclude aggregated cells. Aliquots (3 µl) of 
the filtered cell suspension where mixed with the same volume of BSA-stabilized 15 
nm colloidal gold solution (Aurion) and placed on holey carbon-coated 200 mesh 
copper grids (R2/1, Quantifoil, Jena, Germany) directly before thin-film vitrification 
by plunge-freezing in liquid propane (63%)/ethane (37%)[252]. Typically, grids with 
frozen-hydrated samples were mounted in Autogrids [253] and ~200 nm thin 
lamellae of vitrified material were milled with 30 keV gallium ions after application of 
a protective platinum layer in a dual-beam (FIB/SEM) instrument (Quanta 3D FEG, 
FEI, Hillsboro, OR, USA) equipped with a Quorum cryo-stage maintained at -185°C 
(PP2000T, Quorum, East Sussex, UK). Milling was carried out at nominal incident 
ion beam angles of 16° to 20° (9° to 13° effectively) using gallium beam currents of 
300 pA, 100 pA and 30 pA in sequential milling steps [254]. Subsequently 
tomographic tilt series were recorded under low dose conditions (typically 150 e/Å2 
total dose) on a Tecnai G2 Polara (FEI, Eindhoven, The Netherlands) equipped with 
a post-column energy filter and a 2k CCD camera (MultiScan) or a K2 summit direct 
electron detector (Gatan, Pleasanton, CA, USA). Tilt series recorded with the direct 
detection device, dose fractionation mode was employed and subframes of each 
projection were sampled, which were then aligned to compensate for beam-induced 
object drift, using an in-house implementation of the algorithm described by Li, et al. 
[2013]. 
Typically, tilt series were recorded at a nominal defocus of -5 or -6 µm and a primary 
magnification of 27,500 x (corresponding to pixel sizes on the object level of 0.427 
nm [K2] and 0.805 nm [2k CCD]) and covered an angular range of  60° in 
increments of 1.5° or 2°, respectively. IMOD v4.7.8 [256] was used for 3D 
reconstruction, and MatLab8 (MathWorks) incorporating the TOM toolbox[257] for 
all image processing. Segmentation of three times binned volumes was performed 
in Amira v6.0.1 (FEI, Eindhoven, The Netherlands) with specific automatic 
membrane segmentation[258]. 
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Physiological Tests 
Physiological tests such as pH and temperature tolerance were performed in liquid 
medium V2 as previously described [259]. Growth was detected by monitoring the 
optical density at 600 nm using a Photometer Ultrospec II (LKB Biochrom). 
Enzymatic activities were tested using the API® ZYM method (bioMérieux). 
 
Fatty Acid Analysis 
For fatty acid analysis, biomass of both strains (Planctopirus limnophila DSM 3776T 
and spb1T) was obtained from agar plate cultures, grown on V2 medium, at 28°C. 
The obtained biomasses were processed according to the standards of the 
Identification Service of the German Collection of Microorganisms and Cell Cultures 
(DSMZ) [122-124]. 
 
Phage detection and classification 
For phage-related experiments, P. limnophila DSM 3776T was cultivated at 28 °C in 
medium M3, which was composed of 1 g/L peptone, 1 g/L yeast extract, 1 g/L 
glucose, 5 ml/L vitamin solution (double concentrated) and 20 ml/L mineral salt 
solution (for composition see section Isolation and cultivation). M3 medium was 
buffered with 10 mM HEPES and the pH adjusted to 7.5. To detect phages while in 
the lytic cycle, the supernatant of a P. limnophila DSM 3776T culture, that lost its 
turbidity and pink color due to lysis by the phages, was filtered through a 0.45 µm 
filter. As negative control, the filtered supernatant of a P. limnophila culture, with the 
phage in its lysogenic cycle, was used. To detect P. limnophila’s phage PI-89 in the 
supernatant a phage-specific PCR using the primer set CJ334 (5’–CAGT CGG GCT 
TTG ATA CGA T–3’) and CJ335 (5’–AGA TGA GTC ACG GCT TGC TT–3’) was 
employed. PCR amplifications were performed employing a Veriti™ 96-Well Thermal 
Cycler (Applied Biosystems) applying the following conditions: initial denaturation at 
95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 
50°C for 30 s and elongation at 72°C for 2 min. A final elongation step was performed 
at 72°C for 5 min. Amplicons were visualized on a 1% agarose gel by staining with 
ethidium bromide and exposure to UV light.  
Proteins of phage PI-89 (Accession number: CP001745) were compared against the 
NCBI database using BLASTp [260] with viruses, siphoviridae, myoviridae or 
podoviridae as taxon filters. Homologues were identified using initial thresholds of 
identity ≥ 30%; coverage ≥ 60% and e-value of ≤ 10-5 for at least one of the filtered 
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taxa and results were confirmed by reciprocal blast analysis. PASC (PAirwise 
Sequence Comparison) was used for analysis of pair wise identity distribution within 
viral families [261]. 
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Results and Discussion 
Isolation of strain spb1T 
A freshwater sponge of the genus Ephydatia was chosen as specimen (Figure 1), 
based on previous reports of high planctomycetal abundance in these metazoa 
[216]. Employing an enrichment based on 5 mg/L of N-acetyl-D-glucosamine (NAG) 
as sole carbon source, we obtained a planctomycetal strain from Ephydatia sp. that 
formed pinkish colonies on solid agar plates. 16S rRNA gene sequencing and 
BLAST analysis revealed that strain spb1T shared 99.99% 16S rRNA gene sequence 
identity with Planctopirus limnophila DSM 3776T. Despite the close relation with P. 
limnophila DSM 3776T (Figure 2), with two distinct mismatches in the 16S rRNA 
gene, we decided to further characterize strain spb1T for the following reasons: i) P. 
limnophila DSM 3776T is the most important model Planctomycete, as genetic tools 
first became available for this species [262]. ii) Thus far, nothing is known about the 
natural ecology of P. limnophila DSM 3776T which was originally isolated from 
surface water [263, 264], but escaped detection via amplicon sequencing in 
comparable habitats (unpublished observation). iii) Strain spb1T would represent the 
first validly described bacterium isolated from a freshwater sponge and its 
characterization might help to understand the interplay between freshwater sponges 
and their associated bacteria. 
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Figure 2 | Phylogenetic tree of the phylum Planctomycetes. Phylogenetic position of 
strain spb1T (bold) within the phylum Planctomycetes based on 16S rRNA gene sequence 
comparison with the maximum likelihood algorithm. Bootstrap values after 1000 resamplings 
are given at the nodes. Selected species of the phylum Verrucomicrobia served as 
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outgroup.The depicted phylogenetic tree displays described planctomycetal strains but was 
calculated in presence of all sequenced isolates recently published by Wiegand, et al. [2019]. 
 
Phenotypic characterization of strain spb1T 
In wide-field light microscopic phase contrast micrographs, cells of strain spb1T look 
like the closely related type strain DSM 3776T. Mother cells are ovoid to spherical 
and 1.1-1.5 x 1.5-2.5 µm in size, daughter cells are flagellated and motile. Cells form 
rosettes and aggregates in liquid culture (Figure 3).  
 
 
 
Figure 3 | Light microscopy of strain spb1T and P. limnophila DSM 3776T. Phase-contrast 
images of type strain P. limnophila DSM 3776T (a,b) compared to the strain spb1T (c,d). 
Aggregates (a,c), single cells (b,d). Bar 1µm. 
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However, if scanning electron microscopy (SEM) is applied, differences become 
visible (Figure 4): while both strains form aggregates, those of strain spb1T appear 
more densely packed (Figure 4 a/d). At higher magnification fibers become visible. 
 
 
Figure 4 | Scanning electron micrographs. Type strain P. limnophila DSM 3776T (a-c) 
compared to strain spb1T (d-f).  Aggregates with few (a,b) and lots of fiber-like structures (d,e). 
Crateriform pits (c,f, white arrowheads). Bar 1µm. 
 
 
To ensure that these observations are not methodical artefacts of critical point drying 
necessary for SEM specimen preparation, we also performed transmission electron 
microscopy (TEM) where such invasive methods are not needed (Figure 5). 
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Figure 5 | Comparison of transmission electron micrographs. TEM analysis of negative 
stained P. limnophila DSM 3776T (a) and spb1T (b) cells. Fiber-like structures are more 
prominent in strain spb1T. Bar 1µm. 
 
 
 Both microscopic methods show a similar picture: Fibers can be observed 
considerably more frequent on spb1T cells than on P. limnophila DSM 3776T cells 
(Figure 4 b/e). Both strains possess characteristic crateriform structures that are 
origin to the fibers (Figure 4 c/f, white arrowheads). 
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Crateriform structures are a unique trait among bacteria and are exclusively found 
in the phylum Planctomycetes [32, 51]. We recently proposed that they are involved 
in the uptake of high molecular weight carbon substrates [51]. It was shown for P. 
limnophila DSM 3776T, that fibers arising from crateriform structures can bind 
dextran that is then incorporated - by a still unexplored process - into the enlarged 
periplasmic space where it seems to be degraded [51]. The environmental 
significance of uptake mechanisms for polysaccharides for marine habitats was 
recently demonstrated  [265]. Given that cells of strain spb1T produce even more 
fibers than P. limnophila DSM 3776T, it is tempting to speculate that this organism 
‘filters’ complex organic compounds out of the lake water, analogous to its animal 
host.  
  
In addition to variations in cell biology, strain spb1T also showed slightly different 
physiological characteristics compared to P. limnophila DSM 3776T. Strain spb1T 
grows between pH 7.0 and 9.0, with an optimal growth rate at pH 9.0 (Figure S1 a). 
In contrast, P. limnophila DSM 3776T showed growth between pH 6.0 and 10.0, with 
an optimal growth rate at pH 6.0. Thus, P. limnophila DSM 3776T seems to be 
adapted to typical freshwater environments, while strain spb1T prefers higher pH 
values. A typical freshwater lake has a pH of 7.0-8.0 and even typical marine habitats 
do barely exceed pH 8.0 [266, 267]. Maybe the adaptation of the growth optima of 
strain spb1T correlates with its host-associated live style. Thus, future enrichment 
strategies targeting Planctomycetes from sponges might use pH 9.0 buffered 
medium as additional selection factor.  
While strain spb1T grows at temperatures between 15 and 33°C (optimum 30°C, 
Figure S1 b), P. limnophila DSM 3776T grows in a range from 10 to 36°C (optimum 
27°C).  
Despite differences in optimal growth conditions, the tested enzymatic repertoires of 
both strains were identical: they comprise alkaline phosphatase, esterase, esterase 
lipase, naphthol-AS-BI-phosphohydrolase and α-galactosidase activities. The same 
is true for the lipid composition. Both strains share the major fatty acids C16:0 (40.71 
and 37.17%), C16:1 6c/16:1 7c (21.46 and 22.8%) and C18:1 9c (18.22 and 19.37%). 
The complete fatty acid profiles are listed in supplementary Table S1.  
 
Genome analysis and phylogeny of strain spb1T 
The chromosome of strain spb1T comprises 5,214,061 bp with a GC content of 
53.66% (Table S2). Strain spb1T does not possess any plasmid. We could annotate 
4,127 genes and 4,038 of that were identified as protein-coding. The analysis of the 
genomes of P. limnophila DSM 3776T and strain spb1T using IslandViewer 4 [246] 
revealed several genomic islands that represent regions of horizontal gene transfer 
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(Figure S2). The secondary metabolite potential of the two analyzed strains was 
predicted using antiSMASH 4.0 [249]. P. limnophila DSM 3776T comprised seven 
putative secondary metabolite-related gene clusters, three terpenes, two type1-PKS, 
one type3-PKS and one bacteriocin. Strain spb1T shared most of the clusters 
predicted in the strain DSM 3776T, with one exception. The bacteriocin cluster is 
missing in strain spb1T, but a type1-PKS-resorcinol-arylpolyene cluster was 
predicted instead (Figure S3). 
 
Phylogenetic interference 
As shown in Figure 2 strain spb1T clusters monophyletically with the strains 
Planctopirus  limnophila DSM 3776T and Planctopirus hydrillae JC280T. Initially, 16S 
rRNA gene sequencing revealed that strain spb1T shared 99.99% 16S rRNA gene 
sequence identity with P. limnophila DSM 3776T, including two distinct mismatches. 
The genome of strain spb1T harbors two distinctive 16S rRNA genes that differ in 
one transition of A to G, but shares the two mismatches compared to P. limnophila 
DSM 3776T. The 16S rRNA sequence identity between strain spb1T and P. hydrillae 
JC280T is 99.7% (Figure 6). If based solely on 16S rRNA similarity thresholds, all 
three strains would belong to the same species as the species threshold was 
proposed to be 98.7% [268]. However, the 16Ss rRNA gene is known to be of limited 
benefit when planctomycetal species need to be differentiated [250], otherwise P. 
limnophila DSM 3776T and P. hydrillae JC280T would also belong to the same 
species. Therefore the rpoB gene (encoding the β-subunit of the bacterial RNA 
polymerase) was proposed as alternative marker [250]. P. limnophila DSM 3776T 
and strain spb1T  share 93.3% rpoB gene identity and P. hydrillae JC280T and spb1T 
share 93.6%, both values being below the 96.3% cutoff proposed to distinguish 
between different planctomycetal species [250] (Figure 6). To clarify these conflicting 
results, we employed further well-established genomic analyses. The reciprocal 
average nucleotide identities (ANI) of P. limnophila DSM 3776T and strain spb1T  and 
P. hydrillae JC280T and spb1T were determined to be  93.05% and 91.87%, 
respectively, and are  also below the 95-96% identity species border defined for this 
methods (Figure 6) [269]. Based on digital DNA-DNA hybridization employing the 
Genome-to-Genome distance calculator GGDC [248], the DDH estimate for P. 
limnophila DSM 3776T and strain spb1T yields 49.8%, far below the 70% cutoff for 
identical species [270, 271]. Finally, the analysis of conserved proteins between the 
three strains also points towards a similar relatedness amongst them (Figure 6). 
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Figure 6 | Phylogeny of the genus Planctopirus based on marker genes and genome 
analyses, illustrated as venn-diagrams. The three strains of the genus Planctopirus are 
depicted as different colored circles (blue: P. limnophila DSM 3776T, grey: P. hydrillae JC280T, 
yellow: spb1T). For the two marker genes ,16S rRNA and rpoB, the identity is given for each 
strain compared to the two others (as strain spb1 possesses two different 16S rRNA genes, 
values might differ by 0.1%). For Average Nucleotide Identity (ANI) the corresponding value 
is given, while for the genome-genome comparison the total numbers of shared genes are 
given. 
 
 
Except for the 16S rRNA gene identity, which can fall short to distinguish 
planctomycetal species [250], all genome-based analyses suggest that strain spb1T 
is a novel species within the genus Planctopirus. 
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Planctopirus phage PI-89  
HGT can be mediated by plasmids, transposons and - very commonly - by 
bacteriophages [272]. But only few Planctomycetes possess plasmids [35], and we 
could only annotate 3 and 5 transposases in the genomes of P. limnophila DSM 
3776T and strain spb1T, respectively. However, this does not exclude that 
transposition contributes to HGT in the genus Planctopirus as species with 
intensively studied transposon-mediated HGT, such as magnetotactic bacteria, 
contain far more transposase genes [273-275]. In contrast to the existence of 
plasmids and transposons, even less is known about bacteriophages infecting 
Planctomycetes. Thus far, only two planctomycetal bacteriophages were anecdotally 
reported [276], phage PI-89 from P. limnophila DSM 3776T and phage Pi-57 found 
in Pirellula sp. IFAM 1358. Both phages were preliminary classified as members of 
the family Siphoviridae morphogroup B1 and B2, respectively, but not further 
analyzed [276]. 
When the genome sequence of P. limnophila DSM 3776T became available, a 37 kb 
extrachromosomal element was identified [277]. Since this extrachromosomal 
element is absent in strain spb1T we examined it further. Using BLASTp analysis we 
identified the extrachromosomal element as a prophage (supplementary Table S3) 
with closest relationship to the family Siphoviridae. This classification was further 
supported by analysis of pairwise identity distribution within viral families with the 
PASC webtool. The sequence shows 8.97% identity to the closest relative 
Burkholderia phage KS9 belonging to the family Siphoviridae. The prophage 
displayed less than 50% sequence identity to any other known phage and 
consequently represents a new genus [278]. 
We did not detect phage DNA in the cell-free supernatant of exponentially growing 
P. limnophila DSM 3776T cultures employing PCR with primers deduced from the 
prophage sequence. Therefore, the phage seems to be in the lysogenic stage under 
standard laboratory conditions. In contrast, when stimuli such as nutrient limitation 
or high temperatures are stressing the cells, the phage enters the lytic cycle. A deep-
pinkish stationary P. limnophila DSM 3776T liquid culture lost color and turbidity 
within a single day when the phage entered the lytic cycle and phage DNA could be 
detected in the 0.45 µm filtered cell-free supernatant. When this cell free supernatant 
was added to an actively growing pinkish P. limnophila DSM 3776T culture, cells 
lysed within a day. Thus, the phage can switch between a lysogenic and lytic cycle. 
Cultures with lytic phages were used for morphological characterization. 
Transmission electron microscopy showed an icosahedral capsid of Siphoviridae 
with a diameter of 54 nm and a tail of 100 nm length (Figure 7 a+b). Many of the 
observed phages were attached to cells with tails of the identical length (Figure 7 b). 
The phage tails seem therefore non-contractile and also smaller in diameter than in 
Chapter 4 
92 
 
the family Myoviridae (Figure 7 b), features that are typically for Siphoviridae [279]. 
Furthermore, we visualized the tailed phage employing cryo-electron tomography 
and verified the icosahedral capsid structure after three-dimensional reconstruction 
(Figure 7 c and supplementary movie).  
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Figure 7 | Bacteriophages of P. limnophila DSM 3776T. Cells of P. limnophila DSM 3776T 
with associated bacteriophages (a,b, white arrowheads) in transmission electron microscopy 
and in a selected slice of the tomogram obtained by cryo-electron tomography (c). Bar 200 
nm. 
 
Taken together, the tailed dsDNA phage belongs to the family Siphoviridae and 
represents a new undescribed genus. Since it is likely that the isolated phage is 
identical to the earlier anecdotally reported phage PI-89, we name it Planctopirus 
phage PI-89. 
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As phages are amongst the main drivers of horizontal gene transfer, the Planctopirus 
phage could be responsible for some of the differences in the two genomes of P. 
limnophila DSM 3776T and strain spb1T. The HGT related unique areas, that we 
found in both genomes, can explain the low DDH estimate of 49.8%. However, HGT 
cannot explain the low ANI values. While strain spb1T represents a novel species 
based on our genomic analysis, it remains enigmatic whether HGT is a general 
driving force in planctomycetal speciation. 
 
Conclusions  
Here we characterized the first new bacterial species from a freshwater sponge. The 
genomic analysis revealed that strain spb1T represents a hitherto unknown species 
of Planctomycetes, while classical chemotaxonomic measurements including 
cellular fatty acid analysis fell short in distinguishing strain spb1T from the related 
species P. limnophila (DSM 3776T). Consequently, we suggest employing genome-
based taxonomy for future planctomycetal species descriptions.  
The closest free-living relative of strain spb1T is P. limnophila DSM 3776T which was 
isolated in summer from surface water of Lake Plußsee (Holstein, Germany) [263, 
264]. Thus, it might have been related to the typical algal or cyanobacterial blooms 
that occur summer or winter time in such habitats [157, 280]. Another close relative, 
Planctopirus hydrillae JC280T was isolated from the surface of the plant Hydrilla 
verticillata collected from an alkaline lake [156]. Attachment to eukaryotes appears 
to be a general feature of the genus Planctopirus. However, the role and interaction 
of strain spb1T in the sponge remains elusive. Thus far, only one report indicates that 
Planctomycetes may be related to a sponge disease: Heterotrophic Planctomycetes 
were enriched in abnormal tissue of Carteriospongia foliascens [281]. Whether the 
interaction of strain spb1T with Ephydatia sp. is symbiotic, pathogenic or represents 
a more neutral cohabitation requires further investigation.  
Since strain spb1T is genetically distant to the closest species P. limnophila but 
clearly belongs to the genus Planctopirus and was isolated from the freshwater 
sponge Ephydatia sp. we here introduce the name Planctopirus ephydatiae for the 
new planctomycetal species. 
 
Description of Planctopirus ephydatiae sp. nov 
E.phy.da’tiae N.L. gen n. ephydatiae of Ephydatia, a genus of limnic sponge from 
which the novel species was isolated. Colonies on solid medium are pink colored. 
Cells are ovoid shaped, 1.1-1.5 µm in diameter and 1.5-2.5 µm in length. Cells form 
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aggregates in liquid culture and produce large amounts of fibers. Crateriform 
structures are dominant and spread evenly over the cell surface. Growth occurs 
between pH 7.0 and 9.0 with an optimal growth at pH 9. Temperatures are tolerated 
in a range from 15 – 33 °C with an optimum at 30 °C. The type strain is spb1T (DSM 
106606).  
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Supporting Information 
 
 
Figure S1 | pH (a) and temperature (b) growth optima. P. limnophila DSM 3776T and strain 
spb1T compared. The optical density was measured at 600 nm and growth rates were 
calculated and plotted against the corresponding pH or temperature values. 
 
 
Figure S2 | Predicted genomic islands of P. limnophila DSM 3776T and strain spb1T. 
Genomic islands were predicted using IslandViewer 4 [246]. These islands represent 
regions where horizontal gene transfer occurred. 
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Figure S3 | Predicted secondary metabolite potential of P. limnophila DSM 3776T and 
spb1T. Secondary metabolite related gene clusters were predicted using the antiSMASH 
pipeline [249]. The two strains differ in their predicted potential, as the type strain harbors a 
bacteriocin cluster, that is not present in strain spb1. On the other side, spb1T harbors a Type1-
PKS-resorcinol-arylopolyene cluster that was not found in the genome of DSM 3776T. 
 
 
 
 
 
 
 
 
 
Chapter 4 
98 
 
Table S1 | Cellular fatty acid contents (%) of spb1T compared to P. limnophila DSM 
3776T Major fatty acid of the strains are C16:0, C18:1 9c and C16:1 6c/16:1 7c 
(Summed feature). 
 
 
 
 
 
 
Fatty acid spb1T DSM 3776T 
Saturated     
C14:0 0.18 0.21 
C15:0 1.93 3.70 
C16:0 40.71 39.17 
C17:0 1.48 1.23 
C18:0 0.72 0.51 
Unsaturated     
C17:1 8c 2.05 2.82 
C18:1 7c 9.31 6.85 
C18:1 9c 18.22 19.37 
C20:1 9c 3.09 3.77 
2-Hydroxy     
C11:0 2-OH 0.63 - 
Summed features     
2: C14:0 3-OH/Iso-C16:1 0.22 0.29 
3: C16:1 6c/16:1 7c 21.46 22.08 
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Table S2 | Basic genome features of strain spb1T compared to its closed relatives 
Planctopirus limnophila DSM 3776T and Planctopirus hydrillae JC280T[156]. 
 
  spb1T DSM 3776T JC280T 
Size (bp) 5,214,061 5,423,075 5,750,243 
GC content (%) 53.66 53.66 53.8 
annotated genes 4,127 4,303 4,708 
protein-coding genes 4,038 4,216 4,590 
Extrachromosomal element none 37 kb none 
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Table S3 
BLASTp analysis of the extrachromosomal element from Planctopirus limnophila DSM 3776T. 
phage 
protein 
Viruses (taxid:10239) Siphoviridae (taxid:10699) Myoviridae (taxid:10662) Podoviridae (taxid:10744) 
Qu
ery 
cov
er 
E 
valu
e 
Ide
nt 
Accession Description Qu
ery 
cov
er 
E 
valu
e 
Ide
nt 
Accession Description Qu
ery 
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er 
E 
valu
e 
Ide
nt 
Accession Description Accession Qu
ery 
cov
er 
E 
valu
e 
Ide
nt 
Description 
Plim_4
248 
91
% 
5.00
E-
25 
49
% 
NP_69080
3.1 
unnamed protein 
product [Bacillus 
phage phi105] 
91
% 
2.00
E-
26 
49
% 
NP_69080
3.1 
unnamed protein 
product [Bacillus 
phage phi105] 
74
% 
8.00
E-
11 
47
% 
NP_54308
6.1 
hypothetical 
protein P27p34 
[Enterobacteria 
phage phiP27] 
ARB12882.
1 
77
% 
6.00
E-
09 
39
% 
holin [Vibrio phage 
H2] 
Plim_4
249 
92
% 
8.00
E-
19 
35
% 
AAT72381.
1 
putative terminase 
small subunit 
[Streptococcus phage 
phi1207.3] 
72
% 
2.00
E-
16 
34
% 
YP_00928
6046.1 
terminase small 
subunit [Gordonia 
phage Nymphadora] 
48
% 
4.3 28
% 
AHK11392.
1 
DD-transpeptidase 
[Flavobacterium 
sp. phage 1/32] 
ARB12881.
1 
62
% 
5.00
E-
10 
26
% 
terminase small 
subunit [Vibrio 
phage H2] 
Plim_4
250 
95
% 
1.00
E-
126 
39
% 
CUW0122
6.1 
Phage Terminase 
[Escherichia phage 
phi467] 
95
% 
5.00
E-
128 
39
% 
APU92752.
1 
terminase large 
subunit [Proteus 
phage 
vB_PvuS_Pm34] 
91
% 
1.00
E-
91 
36
% 
YP_00914
7449.1 
terminase large 
subunit 
[Enterobacteria 
phage SfI] 
ARB12880.
1 
95
% 
1.00
E-
90 
34
% 
terminase large 
subunit [Vibrio 
phage H2] 
Plim_4
251 
90
% 
4.00
E-
62 
31
% 
AMS01563
.1 
portal protein 
[Streptomyces phage 
Chymera] 
90
% 
1.00
E-
63 
31
% 
AMS01563
.1 
portal protein 
[Streptomyces 
phage Chymera] 
65
% 
4.00
E-
40 
26
% 
NP_54309
0.1 
putative portal 
protein 
[Enterobacteria 
phage phiP27] 
AGF87372.
1 
65
% 
6.00
E-
17 
25
% 
putative phage 
portal protein 
[Streptococcus 
phage phi30c] 
Plim_4
252 
78
% 
7.00
E-
34 
43
% 
YP_00920
2211.1 
Clp protease-like 
protein 
[Bacteriophage Lily] 
78
% 
2.00
E-
35 
43
% 
YP_00920
2211.1 
Clp protease-like 
protein 
[Bacteriophage Lily] 
76
% 
1.00
E-
31 
46
% 
YP_00904
3932.1 
protease-like 
protein [Vibrio 
phage X29] 
AGR48351
.1 
78
% 
4.00
E-
29 
41
% 
prophage Clp 
protease-like 
protein [Escherichia 
phage 1720a-02] 
Plim_4
253 
97
% 
1.00
E-
58 
33
% 
AKH46245.
1 
phage major capsid 
protein, HK97 family 
[uncultured marine 
virus] 
99
% 
1.00
E-
51 
34
% 
YP_00211
7563.1 
p005b [Rhizobium 
phage 16-3] 
99
% 
2.00
E-
45 
30
% 
NP_59903
7.1 
capsid 
[Enterobacteria 
phage SfV] 
        no significant 
similarity found 
Plim_4
255 
94
% 
4.00
E-
19 
34
% 
YP_00751
8392.1 
hypothetical protein 
RcapNL_00010 
[Rhodobacter phage 
RcapNL] 
81
% 
5.00
E-
12 
33
% 
YP_00211
7567.1 
008 [Rhizobium 
phage 16-3] 
11
% 
7.8 50
% 
YP_00918
8281.1 
OG-Fe(II) 
oxygenase 
superfamily protein 
[Cyanophage P-
TIM40] 
NP_84826
4.1 
20
% 
5.1 30
% 
DNA polymerase 
[Yersinia phage 
phiA1122] 
Plim_4
256 
93
% 
2.00
E-
05 
31
% 
ARB15796.
1 
head-tail connector II 
[Klebsiella phage 1 
LV-2017] 
92
% 
2.00
E-
06 
30
% 
NP_03770
3.1 
putative head-tail 
adaptor [Escherichia 
virus HK97] 
21
% 
5.2 33
% 
YP_00921
3029.1 
hypothetical 
protein [Ralstonia 
phage RSL2] 
YP_00824
1445.1 
14
% 
6.3 38
% 
hypothetical protein 
Phi38:1_gp064 
[Cellulophaga 
phage phi38:1] 
Plim_4
263 
34
% 
2.00
E-
40 
44
% 
AFB75812.
1 
hypothetical protein 
2020_scaffold1264_0
0028 [unidentified 
phage] 
39
% 
4.00
E-
35 
33
% 
YP_00700
3610.1 
putative tape 
measure domain 
protein [Riemerella 
phage RAP44] 
15
% 
3.00
E-
10 
39
% 
ASX98692.
1 
tape measure 
protein 
[Arthrobacter 
phage Colucci] 
YP_00690
6162.1 
3% 1.8 42
% 
hypothetical protein 
NJ01_115 
[Escherichia phage 
NJ01] 
Plim_4
269 
51
% 
2.00
E-
07 
42
% 
BAQ85944
.1 
putative tail tubular 
protein B [uncultured 
Mediterranean phage 
uvMED] 
31
% 
6.00
E-
04 
44
% 
YP_00922
2833.1 
tail protein 
[Pseudomonas 
phage PS-1] 
63
% 
2.00
E-
05 
33
% 
YP_00700
1588.1 
hypothetical 
protein 
[Synechococcus 
phage metaG-
MbCM1] 
YP_00739
2909.1 
31
% 
1.00
E-
05 
45
% 
hypothetical protein 
[Xanthomonas citri 
phage CP2] 
Plim_4
275 
85
% 
2.00
E-
23 
30
% 
NP_53638
3.1 
DNA adenine 
methylase 
[Burkholderia virus 
phiE125] 
85
% 
6.00
E-
25 
30
% 
NP_53638
3.1 
DNA adenine 
methylase 
[Burkholderia virus 
phiE125] 
88
% 
2.00
E-
24 
30
% 
YP_00103
9848.1 
DNA adenine 
methylase [Vibrio 
phage VP882] 
YP_16427
5.1 
67
% 
3.00
E-
16 
31
% 
DNA adenine 
methyltransferase 
[Pseudomonas 
phage F116] 
Plim_4
291 
62
% 
4.00
E-
05 
38
% 
AKH47362.
1 
hypothetical protein 
[uncultured marine 
virus] 
72
% 
0.02
4 
31
% 
YP_00927
4416.1 
hypothetical protein 
TPA4_75 
[Tsukamurella 
phage TPA4] 
24
% 
7.4 42
% 
YP_00400
9651.1 
hypothetical 
protein Acj61p034 
[Acinetobacter 
phage Acj61] 
AMD43402
.1 
22
% 
0.72 41
% 
virion DNA-directed 
RNA polymerase 
[Pseudomonas 
phage ZC03] 
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Chapter 5 
Conclusion and Outlook 
 
This thesis contributed to different aspects in the field of planctomycetal research, 
this chapter summarizes the findings and puts them in context of current 
developments in the field.  
 
The eukaryote-association of Planctomycetes 
Most natural bodies of water are oligotrophic, therefore bacteria have to be able to 
withstand such conditions with low nutrient availability, in order to thrive [13]. One 
way to face this low nutrient condition is the association to other organisms, such as 
eukaryotes. One of these associations would be, to feed on nutrients set free during 
the decomposition of dead eukaryotic matter, e.g. chitin [61]. Chitin is the second 
most abundant biopolymer in the world and the structural component of many 
different organisms, like fungi, protists, algae and arthropods. Its soluble products of 
hydrolysis are important energy sources for various organisms [282, 283]. Against 
this background, the attachment to and colonization of chitin sources like crustacean 
shells by bacteria is one strategy to acquire nutrients. The novel Planctomycete 
described in Chapter 2 might not able to degrade chitin by its own, but would benefit 
from the degradation capabilities of others, additionally the capability to degrade 
chitin was recently also reported  for Planctomycetes [284]. Apart from benefiting 
from the decomposition of the eukaryote, epiphytic bacteria can also obtain nutrients, 
directly from its host, e.g. sugars present on the surface of seagrass [197, 285]. As 
described in Chapter 3A, the surface of Posidonia oceanica leaves is colonized by a 
variety of different bacteria, as well as diatoms. The two isolated strains are capable 
to utilize glucose, galactose, and mannose, the main sugars of Posidonia australica 
[197]. Apart from this benefit for the epiphytic bacterium alone, recently a different 
view on such biofilms was proposed [161]. The capability of Planctomycetes to 
produce bioactive small molecules was suspect so many studies in the past [36, 160, 
202], leading to the recent discovery and structure elucidation of the first small 
molecule. This molecule does not only show slight antimicrobial activity, but also 
promotes the biofilm production of bacteria of the genus Roseobacter. These 
bacteria are capable produce antibiotic compounds themselves, to which 
Planctomycetes are resistant [161]. This opens new perspectives, on how 
Planctomycetes are able to dominate biofilms as described in Chapter 3A, not only 
by producing antimicrobial compounds themselves, but by inviting other bacteria to 
join the biofilm and using these ‘mercenaries’ to ensure their own dominance. 
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Another way to escape the oligotrophic surroundings of most aquatic habitats, would 
be to live inside a host and directly benefit from its nutrients as a pathogen, like e.g. 
bacteria of the genus Vibrio [286]. Planctomycetes have been reported to be related 
to animal disease, in the sponge Carteriospongia foliascens heterotrophic 
Planctomycetes were enriched in abnormal tissue, when compared to healthy tissue 
or the surrounding water [281]. The association of Planctomycetes to sponges is 
also known from the Lake Baikal, where they represent a major phylum of potential 
symbionts of freshwater sponges, proposed to be involved in the degradation of 
complex carbon sources [65-67]. This represents another strategy to face the 
oligotrophic conditions in the environment, filter feeders like sponges concentrate 
the nutrients from the surrounding, enabling bacteria to gain access to sufficient 
amounts of energy to thrive. Such a bacterium is described in Chapter 4. The novel 
strain spb1 was isolated from a freshwater sponge and belongs to the genus 
Planctopirus. All species of this phylum were isolated from freshwater environments. 
P. limnophila for example was isolated from a freshwater lake [264], while P. hydrillae 
was isolated from the freshwater plant Hydrilla verticillata [156]. Two of the three 
described strains were therefore found to be associated to an eukaryote. Of course 
the true nature of these associations still needs to be revealed. In case of strain spb1 
it is possible, that the association to the sponge is more a coincidence and the 
sponge just filtered the bacterium out of the surrounding water.  
 
The 16S rRNA based Phylogeny of Planctomycetes 
Since decades, on molecular basis, species are distinguished from each other by 
the 16S rRNA gene similarity [103, 287, 288]. For Planctomycetes it is known, that 
different species can still share high 16S rRNA gene similarities and the rpoB gene 
was suggested as a new marker with higher resolution for Planctomycetes [250]. 
This need for different markers to distinguish between 16S-wise closely related 
planctomycetal species becomes evident in Chapter 4 of the thesis. The new strain 
shows 99.99% 16S rRNA gene similarity with its relatives and would therefore be a 
novel strain of the existing species, but compared to the type species P. limnophila 
is clearly a new species with a rpoB identity of 93.3% (threshold: 96.3%) and an 
reciprocal average nucleotide identity of 93.05% (threshold: 95-96%) [269]. Also 
other genome-based analyses like digital DNA-DNA hybridization [248], suggest a 
novel species with a DDH estimate of the two compared strains of 49.8% (cutoff: 
70% [270, 271]). This shows how important the genome sequencing of novel 
planctomycetal strains is and how it will improve the taxonomy of the phylum 
Planctomycetes. 
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The Cell-Biology of Planctomycetes 
The phylum Planctomycetes is rich in exceptional cell-biological features. One of 
these features is the cell-division without the protein FtsZ [41, 289].  FtsZ is involved 
in the formation of a protein-ring around the center of a dividing cell, the recruitment 
of additional proteins and the application of a contractile force, which enables the 
formation of the cell wall and the subsequent division itself [290]. The division without 
FtsZ in bacteria, not belonging to the phylum Planctomycetes or Chlamydia, was 
only reported for cells, where the peptidoglycan was artificially removed. But in these 
cases the division was far more uncontrolled and no binary fission was observed 
[291-293]. Within the phylum Planctomycetes, two different mechanisms of cell 
division are reported. While the members of the class Planctomycetia divide by polar 
budding (for a review, see Fuerst and Sagulenko [2011]), the members of the class 
Phycisphaerae are dividing by binary fission [294]. For a representative of the 
candidate-family Brocardiaceae, Ca. Kuenenia stuttgartiensis a part of the FtsZ-free 
cell division was explained by the formation of an proteinaceous ring observed 
around the two dividing cells. Immunogold experiments revealed a possible 
involvement of the gene-product of gene kustd1438 in the formation of this ring. 
However, the search for homologous genes in non-annamox Planctomycetes 
delivered no conclusive results [90]. In Chapter 2 of the thesis such a division ring is 
described for the new described strain, but no homolog for the gene kustd1438 or its 
product were found in the sequenced genome. This result and the previous analyses 
suggest, that this gene might not be a general component in FtsZ-less cell division 
in Planctomycetes [90] and might be limited to anammox Planctomycetes. 
Another exceptional feature Planctomycetes were attributed, is the presence of an 
endocytosis-like uptake of macromolecules, involving so-called MC-like proteins, a 
hallmark trade of eukaryotic cells [42]. However, recent studies showed, that the 
deletion of such MC-like proteins in P. limnophila has no significant effect on 
macromolecule uptake. Additionally, previous described vesicles were found to be 
invaginations of the cytoplasmic membrane rather than endocytosis-related vesicles. 
Consequently, a new mechanisms for the uptake of macromolecules was proposed, 
involving the crateriform structures, spread over the surface of most Planctomycetes, 
and the fibers associated to them. In detail, in the proposed mechanism high 
molecular weight polysaccharides bind to the fibers, which are then retracted into 
the enlarged periplasm where the polysaccharides are subsequently degraded [51]. 
A way to proof this hypothesis would be to identify and delete the corresponding fiber 
genes. In Chapter 4 the novel strain isolated from a freshwater sponge is described, 
one feature of this strain is the high amount of fibers present on the cell surface. Due 
to its close relationship to the model organism P. limophila, the developed genetic 
tools for this organism [158] might also apply to strain spb1T, or results obtained from 
Chapter 5 
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strain spb1T might be transferrable to the model organism. Anyway, in order to isolate 
the fiber proteins and identify candidate genes involved in their synthesis strain 
spb1T represents a valuable aspirant. 
Additionally Chapter 4 contains the first valid description of a planctomycetal phage, 
that hopefully will kick off more research on this interesting topic in the future. 
This thesis resulted in several findings, from the isolation of eukaryote-associated 
Planctomycetes from three different habitats, to the dominance of Planctomycetes 
in epiphytic biofilms to the challenges of planctomycetal taxonomy and the 
opportunities the isolated strains open for the elucidation of the outstanding cell-
biology of Planctomycetes. 
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